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Abstract

The objective of this program is to .mprove the structure of cersmics byo
processing. The over-all temperature range of intersst is 1800 to abowe 30CO7F.
In the high portion of the range, BOOOOF and above, comp-zitions of pure alumina
plus O to 2% additions of Mgl were studied between 2822 and 3180°F, at 1 to 7
hour soaking periods and in atmospheres of hydrogen, helium and vacuum, This
work was reported in the previous Final Report; however, the analysis of rezults
is reported herein, Petrogiaphic, x-ray, d.c. conductivity, electron tranmmission
and ele.tron probe metheds were used and the results are repovied. The second
temperature range, 2600-3C00 F, was studied utilizing the presintered approach
to the prereacted raw materials technique and the results were reported in earlier
reports. The low range, 1800 to 2600°F, was studied using the gevitrification
approach to the prereacted materials technique. The area of crystaliization of
cordierite in the }g0-41,0.°510, system was evaluated as a single glass system.

A two-glass system, in wfii¢h on& glass devitrifies cordierite and the second sup-
plies the bonding system, was studied. Bonding glass compositions were evaluated
in the RO*A1,0,+510, system, in which the RO msmbers are alkaline esarth oxides.
Composites wgré madg at 10, 20 and 3C3 bonding glass. Processing, structures

ard properties are reported.
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I. Introduction

This researcl: program is directed toward a study of materials and processes
by wtich ceramics suitable for redome applications can be processed at tempera-
tures considerably lower than their maximum use temperature, The basis for the
effort reported hersin was established under Contract .Ow=-6L4-004O-d. The tem-
perature rarge that can be studied is from the melting te.perature of the most
refractory cnyata%line phases showing promise of meeting the prime requirements
to as low as 1800 F.

oThe over-all temperature Sange has been dividgd into three narrower rangest
3000°F and sbove, 2600 to 3000°F, and 180C to 2600 F. In th.e highest range, a
sintering study of pvre alumina is being conducted witl. respect to the processing
parameters and sintsring mechanisms oy wnich the chjectives can be accomplished,
In the 2600 to 3000°F temperature range, the most promising approach is the pre-
reacted rav materials technique using high alwmina compositions. This area has
been studied extensively and is reported in previous contracts. In the lowest
temperature range, 1800 to 2600°F, the "two-glass system" of the devitrification
approach to the prereacted raw materials technique is being studied. In this
method twc compogitions are prepared and mixed separately on an atomic basis by
melting and fritting. These frits are mixed !n specific ratios, then ground to
& controlled particle size distribution conducive for processing by conventional
ceramic processes such as casting, pressing, etc., During firing one trit Je-
vitrifies to form the principal crystalline phase, while the second promotes sin-
tering and supplies the bond. Some frits used in this latter manner have been
desioned to devitrify after performing the sintering and bonding functions. Cor-
die.lte, 2Kg0<241,0,°5510,, is the crystalline phase presently under investiga-
tion and is supplgea by tﬁe first frit. The second glass is of the alkaline
earth (Ba0O, MgO, Ca0) aluminosilicate type.

The processing parameters, for realizing the objectives of tue Froject in
the highest temperature ranpe, were established under Contract wCw=-64-0040-d. A
study of the sihtering mechaniems by which tlis ‘as accompiished comprises the
first phase of this Final Heport, along with a summary and discussion of the
role of the processing parameters, The second phase is a study of the two-glass
system cf the devitrification approach of the Brereacted raw materials technique
vhich is designed to function in the 1800-2600 F temperature range.

II. Sintering Studies

A, Irtroductica

In te highest temperature ranre, namely 30C0°F anc above, the effort of
this continuing program has been devoted to determining the parameters and mech-
anisms by which pure alumina can be sintered to 99+ of its true density, with
particular emphasis on lowering firing temperature yet retalning all esngineering
properties, including refractoriness. The sintering characteristics of pure
alumina plus O to 2. magnesia Lave t en studied as a functicn of temperature and
time when fired in helium, oxygen and vacuum respectively, The parameters have
been determinad for attaining theoretical density; 995 has been attained at as
low as 2822°F (1550°C). The present objective is to atterpt to determine the
mechanisms responsible for this, The primary oie is to determine the function
of magnesia in promoting sintering and inhibiting crystel growth. Une approach
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was to attempt to determine the distribution of magnesia and whether it vas in
sclid solution with alumina. The back-reflection x-ray ceramic technique was
utilized along with the electron probe. This latter tool determined the distri-
bution and concentration of brth magnesium and aluminum, Defects are considered
an important driving force for sintering., Transmission electron microscopy was
used in an attempt to determine the quenched defect structure associated with
sintering in this system. Determination of activation energies asscciated with
the sintering process and the role of the variables of this study was attempted
using poresity dsta and electrical measurements,

B. Review of Parameters Essential for the Sintering of the Alwmina Compo-~
sitions Studied

A brief review of the compositions, procedure; including firing, and results
is pertinent to an understanding of tue suouauvs of the attengp:ls Lo determine the
mechanisms operative in attaining high density in these compositions. This in-
fornation is described in detail in the Final report of Contract LOw-6L-00LO-d,

Three compositions vere chosen for intensive studys Corposition C is 1004

alumina; Composition R is 99.75, alumina, 0.25.; magresia; and Composition CR
is 98.0/ alumina and 2.05 magnesia, Both rau materials are 99.99,; pure., The
function of the magnesia is to minimize grain growth. 7The mechanism may be solid
solution; however, this remains to be proven. The compositions were wet-mixed
and specimens fabricated by drv pressing., Alr as a firing atriosphere . is not
conducive to attaining a high percentage of true density. Considerable work is
reported on firing in various atriospheres; however, the conditions vary appre-
ciably., Hydroren, helium and vacuum were selected for study. The first twe were
chosen because they can diffuse quite readily. *urthcr, hydrogen is an active
ggs apd is a reducing apent which can produce defects; &lso, it may diffuse as

y H and possibly as H Helium is an inert pas and its small size and its
high diffusion rate are zus prime assets, Vacuum will reduce the fas pressure
within the pores aid maximize gas diffusiocn from the structure, 1 composigions
vere fired for 1, 3, 5 and 7 rours respectively at 1550, 165C, 1700 aid 1750°C
respectively., A special molybdemum resistance furnace tras used fer all fires,

Percent total porosity was measured by bulk deusity measurements and aup-
mented petrorraphically in the lowest porosity region.

Fipure 1 shous the effect of firing time on percent total pcrosity of all
three compositions fired in hydrepen, helium and vacuum over the time-terperature
range noted above, The objective is the lowest firing temperature at which 99,
of true density, or less than 14 porosity, is attained. This is attained by
firing in vacuum to 1550°C (2022 F) after a three-hour soaking period with the

CR composition (2. MpO), and after 7 hours 4th *he R ,composition (1/L% 1.gC).

It can alsc be attained by firing in hydrogen to 1£50°C (3000°F) after & coe~
hour soaking period with either of the compositions containing magnesia, Further,
it can be realised by firing to the same teirperature in helium but only after ap-
proximately a four-hour soak. To approach true density or total poroaity less
than O.1s it is necessary to fire to 1750°C in either vacuum or hydrogen. The
R composition (1/L: lig0) attains the quality at one-hour soak in either atmos-
phere, The CR composition (2., MgV) must be fired approximately 3 hours t> reach
this quality, The percent total pore volume of the pure alumina composition
reaches a minimum of 1.9’ at tre highest temperature, but only in a vacuum. The
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reason for this is the exapperated grain growth exhibited by this composition.
The magnesia included in the R and CR compositions acts as a grain growth inhib-
itor. Further, it results in a higher sinteriny rate; the postulated reascn is
that it is due to solid solution with alumina creating a greater concentration
of vacancies., Fipure 2 shous that the maximum averape crystal size developed in
either of the magnesia-containing compositions iz 13 microns, while that of the
pure alumina at the hipheat teiperature is 35 microns. Spinel formation is de-~
tected in both mapnesia-containing compositions.

Thus the lowest temperature at which a ngarly pupe alumina composition can
attain less than 1% total pore volume is 1550°C (2822°F). This is accomplished
using 2° magnesia as a grain growth inhibitor and firing in a vacuum for 3 hours.
At 1/L% magnesia this quality is reached only after 7 hours! soaka A hydso n
atmosphere necessitates an increase in firing temperature to 1650°C (3000 Fﬁeand
soaking for 1 hour, while wvhen firing in helium the soaking period must be in-
creased to L hours; this holcs for both magnesia-containing compositions. The
total pore volume of tue pure alumina composition never pets below 1.9, even at
the hiphest temperature and soaking periods,

C, Study of Sintering Mechanisms

l, General

In attempting to determine the sintering mechanisms effective in this study
of alumina with additions of O to 25 magnesiz, two approaches were used. The
first was to atterpt to determine the role of '"vacancy novenent' a.d "defect
structure.” Trese are considered important st—:=tural conditions which promote
sinterine, FElectrical measurements vere used for the former while electron trans-
ridssion methods were used to attempt to measure the latter. The second approach
as to attempt to datermine the mschaniams by which narnesia promotes sintering
and inhibits grain growth. These twc approachss are undoubtedly interrelated as
the presence of the magnesia may cause vacancies anc defects.

2. Activation Energy for Vacancy Movement

In order tc¢ understand tre role magnesia plays in sintering, an attespt wvas
made to determine t!e activation energy of vacancy movemsnt in compositions with
and wvithout magresia additions, when electrical measurements of the composition
are mads in the d.c. conductivity reglon, activa*ion energies for vacancy move-
ment can be determined (Refs, 1-4).

The region of d.c. ~onductivity for moat ionic crystals occurs when using
direct current, or alternating curreil of very low frequencics, i.e., 1 cycle/sec,
when d.c. coanductivity predominates in lonic crystals, conduction occurs uy va=-
cancy :ovemsnt, The following equation 1is used fcor d.c. conductivity measurements:

in vNQzAz ~
_—

In tanfor lno = 1nT - /KT (1)

where tant
A 4

o
N

dissipatica factor

vibrationsl frequency of ions
conductivity

nmumber of current-carrying defects/volume
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sharpe

distance defect must movs to overcome enargy barriar
Boltzman'a constant

activation energy for vacancy movemsnt

absolute temperature

ST X 0
LI I -

If 8 preph of In tand vs. in frequency is made in this region, & straight
line vith a unit nesstive rlope results. This can be obtained from the relation-
ship:

-
H

tans = mao (2)
vhere C = capacitance

R » resistances

¥ = frequency

If a graph of ln tand vs. the reciprocal of the absoiute tempsrature is plottea
at a frequency in the d.c. conductivity range, the activation energy for vacancy
movement can be calculated. As seen from Zg. (1), this caleulation of activation
energy must assume that the number of vacancies does not vary in an exponsntisl
fashion, Such variation would be the case in the pure aluminas compositicn vhere
the mumbsr of vacancies is governed by entropy considerations. If magnaaia goes
into solid solution with alumina and forms vacancies due to atoichiometry, the
activation energy for vacancy movement could possibly be determined,

Samples examined were first coated :ith aluminum electrodes by vacuum evapo-
ration. They contained some ma:nesia for the reasons ;iven previcusly. They
were put in a desiccater prior to test to prevent water attack. The following
equirmsnt vas used in this investipation:

1) a very low frequency dgg%ce for measuring tand and dielectric constants
from .1 cps to 10 cps.

2) 1620 A General Radic capacitance bridge, 60 eps--10 kcps.

i'leasurements of tand vere made in the frequency range of 0.7 to 10 cps on a
sample that contained 1/2% magnesia and was fired to 1750°C for 5 hours. I d.c.
conductivity predominates, a plot of ln tand vs. ln frequency would result in a
straight line vith a slope of mimus one., The data obtained for this sasple is
shown in Fig. 3. The range of fraquency: batween 10 and 100 cps .was not : .
investigated because the very lov frequency apparatus desipned by Stevels (nefs.
1-3) will not go into this range and the jig for the other apparatus has too
many losses. The results indicate that pure d.c. conductivity is not present at
room temperature and in the frequency reange measured with this sampls, It ap-
pears from these fipgures that a relaxation effect occurs in this frequency range.
If the temperature were increased, it might be possible to obtain d.c. conductiv-
ity aata. Generally, as the temperature increases, the curve of tand vs. freq-
uency is shifted to higher frequencies. If i :asurements were made in the same
frequency range evaluated above but at increased temperatures, a shift in the re-
laxation curve may occur and pure d,c. conductivity might be realized. Further,
since Eq. (1) is cnly applicable in the d.c. conductivity region, no attempt was
made to plot 1n tant vs. the reciprocal of the absolute temperature.
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The literature on electrical conductivity of alumina indicates that conduc-
tion, at least at higher terperatures, is due ¢o P-type carriers (Refs. 8§, 9-11).
If the temperature of this system 18 raised, eemi-conduction behavior nay be ex~
pected tc interact with the d.c. conductivity.

3. Defect Stracture

a. CGeneral

The primary use of the eleectron microscope in the field of ceramics has been s
in surface studies vhen using the replica technique (hefs. 12-16). Recently this 4
instrument was found extremely valuable for the direct determination of defect
structure (Refs, 17-22), When the electron microscope is used in transmission
through a thin sample, both defect structure and crystal structure of extremsly
small aress can be determined. .08t of the work using thisz technique has been
devoted to metals (Refs. 19-23) and there has been little work done with ceramics;
however, scme published work on singie crystal aluminum oxide and megnesiun cxide
has recently appearsd (defs. 18, 20).

flectron transmission microscopy was used as a tool to determine the sin-
tered defect structure of sore of the compositions at ¢ near theorstical density.,
Quenched samples were usad in this method to examine the defects asscciated with i
the sintered samples at or near .heir sintering terperatures, It was anticipated
that this study would show the folloving:

1; nature and types of defects produced

2) concentration gradient of the line defects found through the grain

3) some correlation of defects to sintering variables, including temperature
and time at temperaturs, composition, etc.

The types of dislocation, their Burgers vectors, and other defects can be
cbserved by using the tilt mechanism built into the eiectron microscope; by tilt-
ing the specimen, dislocation intensities either ficresse or decrease. The type
of dislocation can be cetermined when the a.gle of tilt is lu.own. Under the high
marnification used, the study consisted of the examination of the defects associ-
ated with individual grains even though the samples were polycrystelline. A muu-
ber of grains were examined to obfain a general picture of the defect structure.

il e, o R AN A

The major difficulty in this method is sample preparation. To obtain an
image of the structyre using transmission electron microscopy the sample rmust be
apnroximately 1000 A thick. In order to be able to examine the defect structure,
the variation in thickness of a specimen rwust be gradual as observed under the
electron microscope., Llectron diffraction was used in conjunction with the trans-
mission work to determine the structure of the grain being examined,

The samples examined with this technique were within 98 to 100,; of theoreti-
cal density. The reason for such a choice is that porous samples will tend to
disinteprate when thinned by chemical means, The composition examined by this
technique 'as the 2, iig0-containing composition which was sintered at the highest
temperatures, Sample p.sparation is extremely critical, The actual examination
of the prepared specimens under the electron microscope can be made ouly if the
samples are thinned properly. The samples used must be thinned fairly uniformly
to about O.l1 microu. This thinning process in metals uses an electrolytic type
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of thinning appargtus in vhich the electrodes are first brought clcse to the
metal and then brought further avay. This results in the formation of 2 hole in
the middle of the apccimen, leaving the area surrounding the hole thin enough to
be examined under the electron microscope. Another method vas shown by Mrum,
whe used sputtering to thin alumina (Ref. 23), but the samples obtained were
badly demaged.

The problem cf specimen preparation of ceramic materisls can ba divided into
a number of factors:

1) finding the proper chemical thinmning agent for the samples

2) fLding the correct temperature and time necessary for thinning with
this agent

3) avoiding etchiug o the sawple

L) prop:r design of the thinning apparatus to keep the sample in continual
contact vith fresh thinning solution.

t. Procedure

The najor problem uas to prepare specimens sufficiently thin for examinaticn
under the electron microscone. Initial tests were made to determins the tine,
temperature, polishing or thinning agent and concentraticn needed to thin poly-
erystalline alumina sarples. The first attempt at thinning alumina was do..e
with samples of lucalox, a Neneral Electric Company product, and with four pos-
sible thinning agents. They wers: NaOH, HCl, H.PO, and NH, OH. Three different
levels of concentration were made of each: 10 mgl , 1 moldr and O,) molar. A
swmple of Iucalox was placed in each solution and the wei ht change measured,
The - first measurements were made at room temperature with samples held in solu-
tion for 3, 5 and 24 hours. 10 chanpe in veight was noted under "1 conditions.
By placing these solutions in a stii.~d constant teiperature oil bath, samples
could be subjected to the same treatment at elevated te:rrgeratures. The time was
varied from 1 to S hours aud the temperature raised to 70 C. .0 change in weight
was found. A terperaiure of 100“C was trie. next. Again no veight change was
found, It was felt that these possible chemical thinning agents were not ef-
fective at these temperatures,

After examining the literature: on chemical polishing of single crystal
aluminum oxide, it was found that p' sphoric acid in the temperature region of
L0O-500"C would poligh alumina (Refs. 17, 18, 20, 24-27). A number of runs vere
made at 395 C to L30°C vith Lucalox samples. It as found that both holding time
and aritation of the solution surrounding the specimen were very critical. If
the sample was held for too long & period of time in solution, a phosphate pre-
c¢ipitate vogld form on the surface of the specimsn., At temperatures between
,0S and L10°C, 1if the sample was held in solution for short periods of time, the
apacimen lost weipht. .hen these samples vere observed both visually and under
1@ microscope, it appeared that etching had taken place. rttching may be dele-
terious for electron transmission microscopy, since the material must be thinned
fairly uniformly.

It was felt that soine of the sintered samples should be investipated. Thin
sections vere used to minimize the t! inning process and y=t, bscause they were
fairly thick, 30 microns compared to 0.1 micron needed for tranamission, very
few mechanical defects would be introduced to the final specimen. Samples of
these thin sect!ons were heated with phosphoric acid in a platinum crucible and
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then suspended in a platinum resh screen to 405°C. The samples were held at this
temperature for 3 minutes. They were then exazmined under the electiron microscope
and found to be too thick, The epecimens vere again subjected to the same treat-
ment and reexamined, After a mumber of tries it was found that an elsciron dif-
fraction pattern could be obtained from the edgez of sone specimens, but it was
not thin enough for transmission, In addition, there was a random distribution
cf samples vhose edpes were sufficiently thin. ‘/hat occurred was that sample
edges vere being thinned and remcved faster then its depth. Therefors, if the
sample vas removed at the proper time, perhaps an edge would be present, but this
was & random factor,

In order to avoid the above problem, it was deecid.d that an indentation
should be drilled into the thin secticn, using an ultrasonic drill. In this way
the material within the indentation would be %hinned preferenvially or at the
same rate as the bulk., A hole should form in the center of the spscimen, while
the sample maintained its original shape and structure. Tie area around this
hol2 should be sufficiently thin for electron transmission. A few runs were at-
tempted using this geometry, but the samples were coated with a phosphate pre-
cipitate which interfered with the pelishing. Thia compound formed from solution
during the thinning operation.

In order to eliminate the contamination problem, a jet thinning device was
used as noted in Fig. L (lef. 18). Tre design of this device is based on the
{act that during heating the boiling point of phosphoric acid is raised as the
acid condenses, ith rapid heating, boiling action can be maintained up to tem-
peratures of atout 520°C. The device is made of platinum and is eimilar to a
coffee maker in design. The inventor of the dsvice used it to prepare single
crystal alumina for electron transmission microscopy studies. Since boiling ac-
tion forces the liquid up through a small tube and hits the specimens and then
drops off, the specimen is in continual contact with uncontaminated solution.
Therefore, thinning can proceed ':ithout phogphate build-up. The inventor found
that the polishing temperciure was about 50 C higher than the etching temperature
for alumina sinple crvstals,

The jet thinning device was placed in a small nicrome-wound furnace., Five
cubic centimeters of orthophosphoric 8cid were added to the device. The thinning
apparatus was heated at a rate of LOO C/12 minutes. This rate vas necessary to
maintain boiling action through the central pump tube at LS50 C. Tempsratures
were measured vith a chromel-alumel thermocouple., Four tenths of a cubic centi-
meter of fresh phosphoric acid were added gt 192, 215 and 245 C respectively;
one cubic centimeter vas then added at 350°C. Tre sample was placed in a ageci-
men stand, lowered and made to rest just ahbove the central pump tube at L25 C.
Funs were made from 1/2-3 minutes at temperatures between LS50 and 475 C. Fresh
acid was added to lower the rate of temperatures rise and to maintain boiling
action through the pump tube in this temperature range. An attempt uas made to
vieu the sample under a LOx Bausch and Lomb microscope, but wetting of “he spec-
imen stand occurred and direct observations could not be made. Since the inden~
tation made vas of varying thickness, no exact holding time could be predicted.
Generally, the holding time varied from about 1 to 3 minutes and samples with
holes about 10~50 microns in diameter were formed.
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c. Results and Liscussion

The results obtained are shown Figs, 5a and 5b, A-L.”* Figure $aA shows
s dendritic formation on the CR 755  sample (magnification 10,800). The selected
area diffraction pattern is very diffuse and could not be properly phctographed,
All evidence indicates that this region is a region of aluminum phosphate forma-
tion, Dislocations were not observed in this area. Selected area diffraction
photographs of the dark and lipht areas vere taken and a lov degree of crystal-
linity found. These photopraphs did not have enough contrast to be shown in this

study.

Fipure SaB is a transmission photograph (6600x) of another ares of the same
sample. Here an interesting precipitate distribution is noted. The selected
area diffraction pattern of the above area is shown in Fig. 5aC. Diffraction
patterns similar tc his were obtained for all the regions examined, Due to the
low order of crystal inity, it is felt that these arcas are partially amorpbous
and are the rosction products of Al,0., and HBPOh° This sample was held for 1-1/3
minutes at L450C in the thinning devgcg.

Any d-spacing calculated with the electron microscope is only accurate to,
at best, somewhere in the second decimal place, Therefore the electron r.icroscope
could not be used for solid solution or accurats i-spacing measurements.,

Another sample taken fron the same fired spscimen was thinned for 1-1/2 min-
utes at 450 C. Figure 5aD is a transmission picturs at a magnification of 10,20x.
A set of fine lines can be seen at the boundary between the thick and thin re-
gions, These are interference figures caused Ly the change in thickmesa. i
dislocations are seen in this area, Certain dark regions are notsd which may be
due to impurities, but are probably due to localised non-uniform thinning. Fig-
ure 5aE is a selected area diffraction phc ogrmph of the white area indicating
a8 hirh degree of cr stallinity, Figure SaF is a selected area diffraction image
of the dark area. Both areas are siinilar; the darker areas shown in Fig. 5aD are
undoubtedly dve to thicker areas rather than impurities, Figure Sb0 is a dif-
fraction pattern of the whole area. If these diffraction patterus are compared,
si~ilarities can be noted,

Figures SbH-5bhJ are transmission pictures of another area of the same sample.
These fipur.s are at magnifications of 2b,600, 50,000 and L1,600x respectively.
The last fipure is a dark-field imare of the same area shown in bright field
(Fip, 5bI). The similarity exhibited in these last two figures means that no dis-
locations are present in the area under examination. If dislocations were pres-
ent, they would be seen as fine black lines on a positive prin., They are due
to the different aigle of the Bragg reflection. This Bragg reflection from the
dislocation is displaced from the apparatus and therefore appears black. If dark
field is nov used (the aperture is moved to a position where the diffracted beam

’Thia vwork was performed with the help of Dr., S. Weissmann and Dr, H. Yamamoto
of the kKaterials Research Laboratory of the College of Engineering, rutgers
University,

**For coding system of samplas, see page 15,
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Fip. Sa--Protopraphs of samples examined under the electron microscope.
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7f the dislocation is transmitted through the aperture), th~ ~islocation will
ap,.sar white on a positive print, Figures SbK a.d SbL are diifraction pictures
of the entire area aind the dark area respectively. It can be seen in the first
figure that the crystal under observation is hexagonal and the plane being
vieved is a basal plane, This crystal must be alumina. In addition, it appears
from tte diffraction pattern that an alumina crystal, or part of an alumina crys-
tal, is at a different orientation. Fipure 5bl. i8 a selected area diffraction
pattern of one of the dark areas in the transmission photosraphs.

The coding system adopted for this work entails a letter for cormposition,
mmbers for firing temperature ard time, and symbols for firing atmosphere. The
specimen CR7S5H can be identified from the folloving table,

CRTSSH
Compcsition Temperature Time Atmosphere
C = 1004 A1,0, S = 2550°C 1 =1 hr. H = hydrogen
R = 99,75% 2 0y, 0.255 ¥g0 6 = 1650°C 3 = 3 hrs. v = vacuum
CR = 98.0% 41,8,) 2,04 Kg0 7417000 5 =5 hrs. He = heliun
? 75 = 1750°C 7 = 7 hrs.

Rarber and Tighe have shown that as-prown single crystals of alumipa cxide,
produced by the Verneuil method, have dislocation densities of about 1 /cm‘
(Ref. 20), This corresponds to between 1 and 1C dislocations per field of view with
the electron microscope, in tte case of Linde A, made by calcining aluminum
alum, the dislocation density because of terperature, thermal gradients and freedor
6f expansion, is most probably much less than sinsle crystals--at legst in the
rrain interior. If the dislocation density is assumed to be about 10°/ecm”, then
0.1 dislocations would be seen in the entire field of view, It seems reasonable
to conclude that few, ir any, dislocations would be visible under the electron
microscope.

From the very limited data obtained, it is tentatively concluaed that sin-
tered alumina of this tyre has few, if any, dislocations within the prain. If
this is true, dislocati. may not play a significant role in the sintering
process of aluminum oxide. This is substantiated by the sintering literature,
vhich shows that plastic flow is not the meclanism of sintering of alumina, i.ore
work is needed hefore a definite conclusion can bte mada, Because the magnifi-
cation is much lower and dislocations, if present, could be more readily seen, op-
tical microscopy stuaies uwovld have to be included.

L. Role of Magnesia

a. X-Ra, Techniques

i. Ceneral

sormal x~-ray diffraction was used in conjunction with the optical microscope
to determine second phase formation., In order to observe the second phase by
x-ray diffraction, more than a fevw percent of \iis phase rust be present. This
method was used only to substantiate the results obtained from tle study made
with the micrcscope, However, the x-ray tack-reflection camera technique wasa
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used to attempt to deternine if there was any solid solution of magnesi. in
alumina, This method yields the most precise values of d-spacings (uaef. 28).

At higher Bragg angles, the accuracy of the d-spacings determined by this tach-
nique increases. If a chanpe is found when a comparison is made between ihe pure
alum.:a .nd alumina plus magnesia compositions, it can be attributed to the solid
sclution of magnesia in alumina. No noted change in d-spacinug can be attributed
to one vf the folloving:

1) There is no solid solution of magresia in alumina,

2) The amount of mapnesia going into solid sclution is small wid the d-spacing
associated vith it cannot be detacted,

3) The magnesia roing into solid sclution is more highly concen..ated near
the prain boundaries. Therefors, its solubility towards the middie of
the alumina grain decreases to a very low lsvel. Since th.l. technique
measures the averars value through the grains, the d-spacing change may
be toc small to be distinmiished.

L) hagnesia may go into solid solution interstitially rather than substi-
tutionally.

ii. Procedure

Samples of the 100,; A1, 0., and the 1/L% 1gC-99.754 A1,0, co.positions fired
for 7 hours at 1550 and 175 oé wvere ground in an alumina mortar and restle. These
samples vere then passed through a 325 mesh screen. Finely divided silicon was
added to sach sample as an internal standard and the subsequent batch nixed vith
vageline, The resultant paste uas put on a plastic sheet and placed in the back-
reflection camera. In addition to the above samples, a back-reflection x-ray
phctorraph as taken of the lirnde A alumina starting material mixed ith some of
the silicon standard,

The silicon powder used as an internal standard had the following composition:

516,85 Mn--0.034%
Fe-=0.653 C--0.00875
Ca-<0.737 pP--0.008..
u-‘00651; S--O-(X)S,;

Ti“o.log
D-spacings and cormsmndin( 2 © values vere calculated from the ASTi “abulated
values of the lattice dimensions of silicon. Silicon has the diamec: ! structure

vith an A value of 5.431 {. Tre form.lae used to calculate d-spacings and 2 ¢
values ar8 as follows (Ref. 28):

d - AO/(hz RV 12)§ (3)

n\ = 24 sine (Bragp equaticn) (L)

A

T
4
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vhere

d = distance hetwesn lattice planes

h, k, 1 = Miller indices of 2 particular plane

L = x-ray wave length (used Cuk )
9 = Bragg angle %1
n = order c¢f the refliection

On thie basis, the followring are the (b, k, 1), d and 2 6 values that were used

for 2ilicon:

hk1 d 2
(Wuk)  .78392  158.6°
(533)  .82828  136.45

(620)  .85866  127.5L°

The choice of the samples investigated was dictated by the probability that
megnesia in solid solution with alumina would tend to go inte solid solution
preferentially at or pear the grain boundary. BSecause of s..aller grain size, the
aamp%es fired at 1550°C mgy have more grain boundaries thai the samples fired at
1750°C. If the amount of Mg0O in solid solution remained constant as a function
of temperature, the change in d-spacing would be more noticeable, I{ the limit
of solid sclution increases with temperature, as is normally the case, then it
might be expected that the higher temperature material would show an aqual or
greater indication of solid solution, The pure alumina composition that was
fired at 1550 C was used to compare the d-spacings of the magnesia-containing
compositions to the pure alumina composition, To determine if the pure alumina
sample was contaminsted by the magnesia samples, since they were fired at the
same time, the pure starting material was also evaluated.

The films vere exposed to x~rays for six hours and then developed. Values
of 2 & were determined ol both the unknown and internal silicon standard accord-
ing to the folloving formula (Hef, 28):

BF-IBO-%% (5)

where L = distance in mm betwsen corresponding lines.

The minimum errorghposaibls with tiis tschnique should be: 3 x lO"b R at 120° (in
2 ¢) and 1.8 x 107" at 150 (in 2 ¢). The experimental error using this technique
was fcund to be +0.1 mm. In the fanee of 2 8's Hsed, this would correspond to
an errvor in d-spacing of +5 x 10~ th +2 x 107 2.

X~ray diffraction photographs using the back-reflectiun camera were made on
the following materials:

1) Linde . nowder + Si powder (starting material plusostandard)

2) pure alumina compositlon fired for 7 hours at 1550 C in hydrogen + Si
powder

3) 1/L% magnesia~containing composition fired for 7 hours at 1550 ausd 1750°C
in hydrogen ¢ Si powder,
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Table I

COMPILATICN OF 2 ¢ VALUES DETERMINED FOR Al,0

273
AND A1.0, + 0.25% MgO USING THE BACK
REFLECTION X-RAY CAMERA
Linde 4 + 81 (57 + Si RG7 + Si 757 + Si
153.6 - Si 153,6 ~ Si 153,6 - Si 153.6 - Si
152.4 152.4 152.4 152.4
151.2 1511 151,.1 151.2
150.3 150.1 150.1 150.2
1L9.2 149.2 149.2 149.2
lhéol 1)1601 1)46-1 M.l
i45.2 1L5.1 5.1 1L5.2
1h3.1 143.0 143.0 k3.1
2.4 142.3 142.3 12,3
136.9 - Si 136.8 - 54 13,8 - 81  136.8 - Si
136.1 136.1 136.1 136.1
131.6 131.6 131.6 131.7
131.1 131.0 131.1 131.1
130.6 130.5 130.5 130.5
129.9 129.8 129.8 129.8
128.3 128.2 128.2 128,2
127.7 - Si 127.6 - 51 127.7 - Si 127.6 = 81
124.5 12L.5 124.6
122.5 122.5 122.5
122.0 122,0 122.0

iii. Results and Discussion

All data is presented in Table I aghove and the errors have been previously
tabulated. The values obtained for the silicon standard are the same, within
experimental error, for all four samples. Therefore a dirsct comparison of the
26 values for aluminum oxide with and without magnesia present can be made, From
the data shown, no indication of solid solution of ragnesia in alumina is evident
for any sample. The grain size effect on golute soludbility (preferential solu~
tion at the grain boundaries) is not evident. The possible greater solubility
of magnesia in alumina as the temperature was raised is alaso not seen.

These results indicate that if solid solution of magnesia in alumins is
present, the amount is below the limit of detection by this technique. In addi-
tion, if a concentration gradient soiid solution exisis, this method will only
measure the aversge value, which would be less than that found in regions of high
magnesia concentration near the grain boundaries, Magresia could alsc go into
solid solution interstitially and any accompanying change in d-spacing, espaci-
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% aily at thess low percentages, woulc no’. be measurable. .wven the 1/L7 Mgoecon-
. taining composition has a larpge portion of the magnesia hound in spinel crystals.

Jergoneen and ‘eatbrook found by microhardness measurenents at 1830°C that
nagneeis enters the aluming structure in solid solution in and arcund the grain
boundary area. They also attempted, Ly using an electron microprobe anslyser,
to demonstrate that ..g0 waz sepregated at the grain boundariesg. Their attempts
failed. They used the back-reflection camera to determirie lattice parameter_3
seasuremsnts as a function of grain size and reported variations of 2-3 x 10 3
change in d-spacings with an salumina composition containing 0.05 wt. ,; MgO.

Their theory was that magnesia is ssgreggted at the prain boundaries and as grain
prowth (elimination of grain boundaries) proceeds, most of the excess magnesia
must be incorporated into the alumina grains (Ref. 29).

Using the back-—sflection camera, these present measurements indicate that
no measursble change in d-spacing occurs. This was dome as a function of either
erain size or firing temperature with the same magnesia-containing composition,
or in comparison with the pure alu51§A samples. It seems highly improbable that
& chenge in d-spacing of 2-3 x 10™° X could be detected by an addition of 0,054
of an additiwe. Sinoe their electron probe analysis, which analyzes very small
areas to an accuracy of 50 , m, proved unsuccessful, it seems very unlikely that
the back-reflection camera, which measures the average value of an extremely
larger volume of material, can te more sensitive, Jergenson also suggests, from
the results of microhardness measurements, that MgO already segregated at the
grain boundaries senters the O, grain to a large extent. This is in direct dis~
agreement with the proposed me hgnism of magnesia’s inhibition of exaggerated
grain growth by retarding prain boundary velocity. Because in nearly all systems
examined in the literaturs the3c ange in d-spacing by the addition of a solvent
in solid solution is ~ § x 10™° X for a 17 addition, this change in d-spacing
seems very exceasigﬁ. In the case of aun addition of 0.05%, the change in d-spacing
should be ~ 2 x 10™* . This value is well within the minimum experimental er-

\ ror., If a chanpge in d-spacing of the order of magnétude shown by Jergen=en is
va}&d the chanpe would have been observed. AtOISO in 2 6 a variation of +1 x
10 2 would cause an angular variagion of #0,5 in 2 ¢, This value is well be-
yond the experimental error of +0.1° in 2 (.

b. Electron Probe Analysis

1. General

The electron probe is a valuable hew tool in the study of micro variations
in materials. It is extremely useful in diffusion studies, segregation effects,

etc, (Refs. 29-33). An electron probe was used to investigate how and where mag- .

nesia enters the structure of the sintered alumina sample in the following phases:

1) solid solution of magnesia in alumina
; 2) gradient of this solid solution, 1. e., from the grain boundary to the
grain interior,

*'I‘hia work was done with the help of Corning Glass Works. Special credit is due
to J. Zitterman, W. Whitney and .i. Charters of Ccrning Glass Works.
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3) compositional veriation through the grains of the spinel phase, i. e.,
the solid solution variation of Mg in the spinel graius,

If magnesia goss into sclid solution with alumina, it enters the structure
with a probable production of vacancies. If there is a gradisnt of this solid
solution, & vacancy coirantration gradient can be produced. It can be sesu that
this concentration pradient will increase from the interior to the surface of the
grain from theorstical considerations (the less dense packing ad higher snergy
of the surface). Sinte the concentra:ion gradient of vacancies is a driving force
for sintering, a comparison of thess data with the sintering data should shov how
and why magnesia effects the densification of alumina. The variation of the
gbove-mentioned sffects was studied as a function of both tine and terperature.

Elsctron probe microanalysis is actually a microfluorescent analysis method.
vlactrons from an electron gun are focussed to nearly a point source (0.3 microns).
These accelerated electrons impinge on the samplie in a diameter of approximately
0.5 microns, and the swwle is made to fluoresce. The x-rays produced by the
sarmple are reflectad off a curved seneing crystal. The crystal is placed at the
proper angle and has the proper d-spacings to refluct a certain known x-rg s wave
length characteristic of the cation being examined, The intensity of this re-
flected beam can be measured as a function of distance through the sapls. Due
to scattering, the diameter examined is normally about one to three microns .ather
than .5 microns. Since aluminum and megnesium are at the lower end of the peri-
odic system, it may be difficult to dstermine small concentrations of :negnesia in
alumina. Further, the electrons penetrate to between 5 and 6 microns. Thus the
effective fluorescence is from a rolume approximately 3 microns in diameter and
5 microns deep,

ii. Procedure

In this method, sarple preparation is very critical. Polished sections must
be made with smocth ard regular surfaces cr erroneous results may occur in semi-
quantitative or quantitative determinations due to valleys and hille : ithin the
sarple, The method used in preparing these sections was as follovs:

1) The sample was molded in amber Bakelite (used because of its low vapor
pressure).

2) It vas pround and polished, using the Automet machine.

3) The saple was ground for 5 mimutes each on 120, 240, 320, LOO and 600
grit silicon cai..le paper.

L) It vas polished using six, one, and 1/4 micron diamod ¢ - .2 min-
utes each,

5) A conductive carbvon coating 'as vacuum-evaporated on the sarple.

After the samples vere prepared, they were investirated, using the AL electron
probe.

An accelerating voltage of 30 kv was used with the probe. This results in
a penetration of 6 microns into the sample. The fluoresceut spot sise in tnis
lipht matrix system (g, Al, O) is between 2 and 3 microns., If heavier elemeits
were examinad, the spot size would be reduced to values between 1 and 2 microns.
This fluorescent spot size is the resolution of the electron probs. Mica and an-
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! ydroue dihydrogen phosphete were used us sensing erystals in the fluorescent an-
alysis of magrasium and slusdnum respsctively. In one less sensitive set of data,
‘ only the mica crystal vas used to determins magnesium perceutages. In the more
accurate set of data, both sensing crystals vere used to determine the magnesium
concentration, In order to correlate ths data properly, the same :agnification
(Lllx) was used for all samples in the more sccurate set of data, This magnifi-
cation vas also used to locats a representative area of the spacimen, In the
less sensitive set of data, a 200-scale deflsction was equivalent to 100. magne-
sium, The more accurate set of data used this amplification. In addition, tn-
sipnal was further amplifisd so that a 63-scale deflection was equivalent to
L.75% magnesium by weight. A magnesia single crystal was first used as a stand-
ard, out no correlation could be obtained with the samples, A spinel single
crystel containing 2.5 mole excess alumirum oxide (obtained from R. Arlett of
R. C. A. Research Laboratories) was ussd next, and correlation with the spscimens
examined was obtained.

The maximum error in composition found using the elestron probe was +34 of
any persentage. DBecause of tne difficuity in estinating the deflection on the
recording chart, this error was increased to about 107 for scale deflections be-
tween 0.5 and 0.1, The limi’. of detection oi magneaium reported by Zitterms:
and Whitney (Ref. 32) was between 0.0005 wt. ¥ and 0,01 wt. # magnesium. This
limit is only applicable to the mors sensitive set of data.

The A, R. L. electron probe can analyze two cations at the same time, Four
major types cf results can be obtained with the elsctron probe and are discussed
belows

1) back-scatter image. This inage can be seen visually on an oscilloscope
and recorded pictorially. It ie caused by the elastic impact of the
electror beam vith the segple'selectrons, The electrons of the beam are
accelerated to the sample and back-scattered. The heavier the element,

N\ the more intenase the back scatter.

2) Xeray fluorescent imege. This imase can be seen visually on an oscillo-
scope or recorded pictorially. It is due to the fluorescence of the
whole sample area urder the bombardment of the accelerating electrons.

3) Line profile. In this method a line indicating the fluorescent auslysis
of material crossing a line in the field of view ylelds the relative per-
centagses of the elemeni under investipgation. This technique is not as
accurate as tre point count method,

L) Point count method. In this method, the beam is moved nanually from
position to position and the intensity of the fluorescing element record-
ed on & strip chart, Since this method ylelds the most precise measure-~
ments, it wvas used for quartitative analysis.

FPhotomicrographs were made of the polished sections used in the probe anal-
sis, Due to the sxtrems hardness of aluminum oxide, identification. :narks could
not be placed on the examined area of the sample. The photomiorographa taken are
of each sarple analyszed, but the areas seen are just representative .f{ each sam-
ple--not the actual ares examined by the electron probe. The following samples
vere investigated:

1) 2% MgO-containing composition fired in K, for 7 hours at 1750006

x 2) 1,/\% MgO-containing composition fired in H, for 7 hours at 1750°¢C.
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3) 25 MgO-containing composition fired in H, for 7 hours at 1550006
L) 1/4% MpO-containing composition fired in“H, for 7 hours at 1350 Ce
S) 2 MgO-containing corposition fired in H, ?or 1 hour at 1550°C.

iii. Results and Discussion

.. Figures 6aC-F and 6b0-J are photographs showing the back-scatter and flu-
oresgent images of the 1/4% and 2} ragnesia-containing compositions fired at
1550°C and 1750°C respectively and held for 7 hours at these tenperatures. rig-
ures 6aA and 6aB are back~-scatter and magnesia fluorescent images of the 24 mag=
nesia-containing composition fired for 1 hour at 1550 C. The magnification used
is such that each small division shovn is equal to L microns. Figures 7A and 7B
are phogographs of the above sample of the 23 magnesia~doped composition fired

at 1750°C. The sensitivity for this set of data is much less than the first set.
The magnification with tris less sensitive data is twice as high as the more sen-
sitive data, The region shown in the less sensitive set is a region high in mag-
nesia as compared to the low level of magnesia concentration in the other est. ;
Table II is the data obtained by the point count method along linez through the i
x-ray fluorescent pictures shown previously., It is shown here to exhibit this

type of data and will be discussed below, Figures 8A-8D are photomicrographe of

the etched polished sections ¢f the compositions used in the probe analysis. The

areas shown are representative of each sample, but are not the exact area examined

as described abowe,

s AN . St

These puotomicrographs vere taken using incident phase contrast at 200x mag-
nification. The prain size can be ebserved by viewing tie picture of the stage
micrometer where eaeh smail division is 10 microns. Good correlation of rrain
size exists with the fragmentation method of earlier worke. The srain size is
similar as determined from the photomicrogapha and as reported in the Final Re-
port of Contract wOw 8l~0QL0O-d, Some regions of pcrosity are seen in the high-
temperature samples and were found to be caused by grain pull-out.

The data presented will be discussed as se%s of (1) back scatter, (2) flu-
orescent an.! microstructure photographs with the point count data, and (3) the
curves of masnesia percentage vs, distance along a selected liue in a specimen,
Coriparisons will be made of time, temperature and compositionsl effects,

Fipgures 6aA-F, 6b0=J and 7A-B (back~-scat :r and x-ray fluores.:snt imagzes of
mapnesia), Figs. 9-1L (graphic representation of the point count results), Figs.
8A-E (photomisrographs of the samples) and Table II (point count analysis of the
variation of magnesium soncentration with distance) are graphs and tables of anal- .
ytical information of the samples examined by electron probe analysis. After each i
sample is discussed, comparisnns betivsen samples will be made to illustrate the
determined relationships and effects. The evaluation of the information cbtained f
fron. the back-scatter and fluoreseent images will be postponed until discuassion ‘
of the pure alumina composition fired %o 1750°C 1in hydrogen., This sample 1llus- E
trates the differences betveen these pictures best.

Figure 6aB is a ophotogr&ph of back scatter and Mg fluorescence for composi-
tion R fired to 1500° C for 1 hour in hydrgen (CRS1H), and shows that magnesium
is widely distributed through the area. The grain size observed by the fragmen-
tation technique indicates an averape grain size of one to two microns. Phase
determinations made by optical microscopy and electron probe analysis (Fig. 6aB)
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Fig. ba--Photographs of back scatter and Mg fluorescent images from
electron probe analysis. Sensitive data.
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Fig. 6b--Photographes of back scatter snd Mg fluorescent images f{rom
electron probe analysis. Ssnaitive data,
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Fig. 8-~Photographs of the polished sections used in electron
prote analysis (i-D). E, atage micrometer.
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substantiate the spinel coating or a fi.e dispersion of snall particles of spinel
along the grain boundary found at this terperature, Because of the small grain
eize and from the data shown graphically in Fig., 9, little can be determined of
both spinel or magnesia solid solution. However, it can be noted that magnesia
vas present at each datum point, This indicated a distribution of magnesia in
the sample, Probably because of non-uniform mixing, magnesia is found to be more
highly concentrated in some regions than in others. These regions may act as
miclei for the spinel segregation observed at 1750°C.

Pigure aD is of composition R fired to 1500°C for 7 hours in RSTH hydrogen
and shows that magnesia is distributed fairly uniformly through the area. The
area examined ie comparable to the region shown in the central right portion of
Fig. 6aB and is probably a little btelow average in magnesium concentration., From
Fige 8A and the grain sise results determined by the fragmentation method, the
averape grain size is found to be approximately L to S microns. As seen from the
fluorescent image, marnesium is distributed at distances ranging from 3 to 8 mi-
crons. This distribution is similar to tnhe determined grain size distribution
and agrees with the spinel distritution noted by optical microscopy. Figure 10
is a graphical representation of the magnesium concentration as a function of
distance, The low values of magmesium eoncentration found can be !nstified by
considering that the probe examines volumes between 20 ard 50 cubic microns. if
the spinel coating 1s assumed to be 1 tc 2 microns thick, as seen from the dot
size, and about 1'to 2 microns deep, than only 1/5 to 1/10 of the total volume
examined can be apinel, The alumina grain sire has increased at this teuwpera-
ture and firing time. If, for example, a solid solution gradient of magnesia from
the grain boundary to the grain interior (the interior having a lower percentage)
exists, then values of this lov order of magnitude should be found. These lower
values could also be expected if solid solution does not nceur. ‘hen comparing
the above sample with the previcus one, the magnesium concentrations are much less,
This 1s due to either larper grain sizes or less highly localized concentrations
in the regions examined, Becsuse of smaller grain sise of the CRS1H sample, many
regions of spinel could be found for each point examined (2 to 3 microns). There-
fore, if aimllar depositions of spinel at the grain boundary are assumed for the
CRS1H sample, this semple can be e:pected to yield higher magnesium perceitages.
Although the point count method is not contimuous, about 3 out of every L microns
are examined. Some regions of solid solution of magnesia in alumina are indicated
in this and the next sample, but the evidence is inconclusive. It is of extreme
importance to note that ithe range of magnesium concentration found was between
0,00 and 0.10% and that many areas indicating apinel are seen in this fluorescent
analysis. This information is needed to determine whether solid solution is
present at higher temperatures,

Figure &6aF for composition CRSTH is the magnesium fluorescent picture of the
area under examination, The contrast of this print is not particularly good and
following the magnesium concentration in this print is not very informative, rig.
88 4s a photomicrograph showing the grain size of this sanple. The average de-
termined grain size s atout L microns vith larger grains about 8 microns. Fig-
ure 11 is a graphical representation of magnesium concentration vs. distance for
this sample. It is noted that repgions of 0,004 Mg were found in this and the
RS7H sample. In order to obtain this result, the probe ::as most probably posi-
tioned at the center of a larger alumina grain, From the above effect, some in-
dication of a solid solution and solid solution gradient of magnesia in alumina
was obtained in this and the RS57H sample., Because of the comparatively small
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prain size, these solid solution effects cannot be conclusively proven {rom the ;.
probe analysis. From (1) the above results, (2) the sinte:.ng results which show h
an enhanced sintering rate with mapnesia additions at all temperatures investi.- .
pated, and (3) the results obtained with the high-~temperature saxzples using the :
electron probe, a solid solution and/or a solid solution gragient can be inferred

for both the R and CR (1/L4} and 25 Mg0) compositions at 1550 C. :

The magnesium fluorescent photograph (Fig. 6é6bH) for this saple CR7S7H is f
very informative, As seen from this fipure, no indication of magnesium is noted {
in the entire field of view. i.any repions similar to this vere found in this !
sample and the R757H sample. This absence of magnesium is not due to poor print-
ing of the photograph, for the same result vas seen in the cathode ray oacillo-
scope. It 4s important to note that these photographs are not as sensitive as
the point count or quantitative mode analysis. A graphical representation of
the magnesia concentraticii along a line through the black picture is shown in
Fige 12. Fipure 8C is a photorraph showing the grain size of this sample.

A very lovw level of mapnesiur concentration is seen frc» the graph. This
low concentration is indicative of the solid solution of magnesia in alumina,
Since the area within individual grains may be examined without encountering &
grain boundary, the prain size (small grain size 8-10 ., average grain size 15 u,
larger grain size 2C-30 1), as seen in Figs, 8C and 8E, may be too large to pro=-
pose that widely distributed small spinel particles at the grain boundary would
yield this low level of concentration., Individual particles or small regions of
spinel at the grain boundaries were observed in the RS7H sample. A similar ef-
fect vas noted for all the low te.perature samples investigated, except that the
concentrations in this sample and the RS7H are extremely similar. In the case
of the CRTS7H sample, the magnesium fluoresce.t imase is absent. From thermo-
dynamic considerations and because of the higher energies needed, it is not very
likely that magnesium is distributed as very snall spinel particles through the
alumina prain., If *his low concentration vwas cause’ by a dispersion of small
spinel particles through the alumina gra.n, then the magnesium fluorescent image
would be speckled with s all dots vhich indicate highly localised regions of mag-
nesium, as noted in the RSTH and other low-temperature samples., Since the mag-
nesium fluorescent image was black and dots iidicating spinsl are not preasent,
and since the concentrations of magnesium determined with this sample and the :
KSTH sample (1hose fluorescent image showed these dots) are nearly identical, a
solid solution of mapnesia in alumina may exist, Therefore it 33 concluded that :
a solid solution of mapnesia in alumina pr~bably occurs al 1750 C. A further
exarple of this effect will be shown with iha R7STH sample.

Another important deduction can be made if the average grain size and grain
size distribution for the sample and the recion examiied are assumed the same,
If 1t is aleo assumed that the maximum magnesia concentration in the sclid solu-
tion of marmesia in alumina occurs at the grain boundary, then a determination
of prain size via the yginrhical representation of the point occunt method can be
made and compared to actual grain size found bty the fragmentation and polished
section method from sarlier work and shown in Fig., 8C. This comparison is shown
by Fig. 12, It is seen that good agreement is obtairsd when comparing the cal-
culated prain size (Fig., 12) and tle measured gr... =..a., It is therefore fe't
that a solid solution pradient of magnesia in a'umina exists in this sa wple.
Since an enhanced sintering rats relative to pure alumina was observed at 1550°¢C
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and 1750°C, and since this solid solution and pradient of solid solution can
cause an increased sintering rate by producing a vacaacy coucentration and con-
centration gsadient, a s0lid solution and solid solution rradient can be inferred
for the 1550 C magnesia-containing compositions. In addition, elegtrcn probe
analysis shoved sore sliprt .ndication of a solid solution at 1550 C. Using
microhardness measurements, J.rpensen and .estbrogok .ported a solid solution of
mapnesia in alumina at the grain boundary at 1830°¢C (kef. 29). Fron thermodynamic
and kinetic viewpoints, it seems probable that if a solid solution of :.agnesia

in alumina exists, a higher concentration of magnesia should be found in the
vicinity of the grain bourdary.

*lthough the area seen in this set of figures is one of the very low magne-

sium concentrations, ot er areas on *his sample noted in the less sensitive set
of data contain pmuch higher concer*rations,

The comparison between the back-scatter and masmesium fluorescent images
has been postponed until discussion of this sample «7S7H (Figs. 6bIl and 6WJ).
if the dark regions on the back-scatter image are noted and compared to the mag-
nesium fluorescent image, it can uve seen that nearly every dark area on the back-
zcatier imape corresponds to a repion of high magnesia concentration on the flu-
orescent image. The pgrain size for this sample is in agreement witn earlier
petrorraphic results, A picture of the (rain size ‘ound \ith the polished sec-
tion method is shown in rig, 8D. Fipures 13aA aud 13aB and 13bC are graphical
plots of the magiesium content vs., distance tor the several regions examined.

The first significant noint of note is that a segreration of magnesium into
regions of high concentration occurs vith this sample, From the photographs,
these magnesium regions are fairly large and correspond to spi-el grains. The
same type spinel frains ware found from optical microscopy studies and were fwen-
tioned previously. From the above discussion, it can be shoun that magnesia
tends to seprecate into localized regiogs forming spinel grains of comparable
size to the best alumina grains at 1750 C. Spinel may segregate luto localized
regions by one or both of the following mechanisnss

1) "ror a thermodynamic viewpoint, reglons of higher local spinel concen-
trations at 1550 C can coaleste at 1750 C into large spinel graius to
reduce their interfacial and surface energy.

2) An incorpatibility betweer alumina and spinel may ¢xist because of a
possible high iaterfacial energy between them,

Tre spinel formed 1s probably a high alumina-spinel sclid solution {(i. e., 3.5
role excess Al,0 ). The excess alumina spinel has a majnesium concentration of
L.8°. Since a'camparntively larpe volume is examined (50 cubic microns)and these
volumes probably not only contain spinel but also alumina, tre composition of
the spinel deterained would tend %o bave lower marmesium concentrations than
these calculated. The effect is due to .he incorporaticon of parts of alumina
grains. It is assumed that spinel 1is present ii the concentration of nagnesium
is somewhere abxve 0,5 wt. S hg over a significant range. If the mapn “ium per—

centages fall below 0.2 wt, | Mg over a significant range, sclid sclution of mag-
nesia in alumina is thought to occur.

In Fig. 13a it can be seen that there are two spinel grains (area on right).
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A similar effect is seen in fig. 6bJ. If it is assumed that the center ol a
spinel grain corresponds to the maximum percentape of magnesium, then a solid
sclution gradient of magnesium in spinel is seen. The phase diapram for tie
alumina-masnesia system indicates an increase in alumina content in spinel solid
solution ~s temperature increases (Kef. 33). In addition, true equilibrium is
probably not reached with tre sintered sample. For both of the above reasons, a
"core" effect seems reasonable, Since this "core" effect occurs, spinel nay have
sufficient time to rearrange itself and subsequently form cube edpes, This ef-
fect may explain the occasional foermation of cubes of spinel t und in the sample
as noted by ontical microscopy. +hen the prain ases of the .pinel crystals are
computed from the prapi: (Fips. 13aA-B and 13bC), they are ..und to be similar to
those ooserved experimentally.

As seen irom the fluorescent images of thc¢ n+CR7S7H samples, the regions
which are either hazy or black may be indicative of solid solution of ..g0 in
AIZO « The point count mearurements in these regicns show lg coacentrations of
0,25"and less. The grain sizes were 5-10 time . preater than those of the low
temperature samples, Therefore, the probability of encountering grain boundaries
is muct lese for each datum pcint. If (1) the ig concentration found was due to
small concentrated inclusions in grains or along grain beundaries, and if (2) the
inclusions were of couparable size (1 ,.) to the RS7H sample which had similar
concentrations, tien dots or lines indicating localized Mg regicns should be de-
tected. If 80-90) of 0,2 ig or less regions are examined, a solid solution of
1p0 in A1,0, can be established. In the case of the remaining 10-20;, the ig
concentra%ién drops abruptly to J. This is diametrically opposed to the first
data set indicating that diffucicn, and therefore solid solution, is nearly non-
existent. Boundary absorption can be theorized in explanstion, but it would be
in disagreement with the results obtained 80-90,; of the time. If boundary ab-
sorption occurs, it would have %o extend ror O.l . or less into the Al,0, grain.
If preater absorption occurred, then spots or lines tould be seen on the fluore-
scent photographs. This low rate of ig diffusion in Al.U, is not in keeping with
tre literature, *urther examination of these samples i8 rieeded. It this last
effect is not observed or a gradual transition to 05 (¢ is found, then solid so-
luticn would be established, A solid solution . ..g0 in Al,0Q. 3Is tentatively
corcluded, since (a) mcst repicns indicate solid solution, %b% sintering is en-
hanced with }g0O, (c) appreciable diffusion rates of ig0 in Al 0, ha's been re-
ported, and (d) inhomopeneities such as those shown are probaély net repre.=nta-
tive of the sample,

Fipures 13aA-F and 13bC show that the size of the alumina grains calculated
on the assumption that excess majynesia in soiid sclution with aluminag tends to
segrepate st the prain boundaries i. in apreement vith the experimentally deter-
mined gicin size (Fip., 8D ard earlier petro, raphic results)., IiL is felt that
this sample, as i-ell as the CR757H suemple, shous a solid solution gradient of
mayniesia in alumina.

Anotrer region of the CR757H sample examined previcus®v is shewn in rigs.
TA, 7B anu 1l4. Only spinel rreins can be examined with tils less sensitive data.
t explains vhy the 2 magnesia-contsining compositior seesed to have less mag-
nesia present than the 1/l masmesia-containing composition. The sample is also
preseated to give further evidence that a solid scolution gradient of magnesia
exists in spinel,
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D. Summary of re.ults and Discussion of the Entire Program (8 and C above)

1. Generg&

fhe sintering characteristics of alumira were determined as a functicn of
temperatvie. time, firing atmoenhere and concentration of magnesla additions.
The lowest temperature at wh%ch pure almina compositions can attain less than
1; total pore volume is 1550°C (2822°F). Tnis is realized by a 2, addition of
magnesia and firing in a vacuum vith a snak period of 3 hours; this quality is
attaired with s 1/4% magnesia addition only after a 7<hour soaking pgrioa.
hydropan fiiing atmosphere necessitates a firing temperature of 1650°C (3000 F)
plus a l-hour soak with both the 1/L and 2} magnesia sdditions; s h«hour soaking
period is necessary if a helium atmosphere is used. The total pore volume of
the pure alumina compositions, that is, no magnesia additions, nevsr becomes
lower than 1,9, even at the highest firing temperature aid lonpest soaking per-
iod, To approach theoretical density or a total porosity less than O.ls, it is
necessary to fire to 1750°C ii either vacuum or hydropen. The 1/Ls mamesis
composition reaches this with a l=hour soak while the 2,; takes 3 hours.

A intensive study of the structure of this composition and the mechanism
that produced it vas undertaken. +- avestigation of the phases formed aud their
distribution was made, using micro pic and x-ray diffraction techniques. By
using the back-reflection x-ray caiera an attempt vas made to determine if mag-
neala goes into solid sclution ith aluminae An investigation of the ma;nesia
iistribution in the sintered samples vas made, using electron probe analysis.
These tvo methods were used in an attempt to understand the role of magnesia ad-
4itions in the sintering cf alumina. Transmission electron microscopy was used
in an atterpt tc determine the quenched defect stricture associated with sinter-
ing. Determinations of the activation energy associated vwith the sintering pro-
cess were attempted using electrical measurements. Activation energies could
not L delermined by either method. This vas probably due to the coiplex and
numerous effects cccurring simultaneocusly.

The inability to determine activa*ion energies may also be due to a depen-
dence of the diffusion coefficient on the vacancy concentration. If one assumes
that this concentration is controlled by entropy ccnsiderations, the vacancy con-
centration will vary exponentially with temperature. If it is assumed that the
vacancy concentration is controlled by magnesia solid solution etc¢., and because
the depree of solid solution will have a temperature dependency, this concentra-
tion v1ll also vary with temperature, In either situation, a plot of the lopa-
rithm of the diffusion coefficient vs. the reciprocal of the absolute teupera-
ture would not be expected to yield a straight line,

2. Fffects of Atmospheres

The sintering rate was found to be independent of firing atmosphere at high
trmperatures with either vacuum or hydropen, This indicates that in the final
stares of :intering the rate of diftusion of hydror n was hot a rate-controlliig
step and that hydro:en diffuses probably as H or K. Since helium-fired samples
at lover tenperatures yielued results similar to hydrogen, and since helium is
not llkely to react with alumina and prouuce stoichiometric defects, there is no
indication that hjirogen enhances the sintering rate by producing defects at low
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temperatures, Vacuum-fired samplies had the highest sintering rate at 1550°¢.
Felium-fired samples showed s hipher initial sintering rate at 1550 C than hy-
droren. These resulis can te explained by comparing the diffusivities of the
gases and the lack of gas in the case of vacuum., Since hydropen 1s larger than
t<lium, the diffusivity of hydrogen (#., in which form it probably diffuges when
open pcres are present) is less thap hélium. The results irdicate ihat at this
stape of sintering the overeall rate is partlally controlleg by ras diffusion.
The enhanced sinterins rate of helium over hydreogen at 1550 C wus found to de-
crease with time as a function of decreased opsn porosity. Since helium does :
rot diffuse appreciably through inmpervious alumins, this relationship is reason- :
able. At higher terperatures, over-firiug, both as a functicn of time and tem-
perature, wes noted in belium for =211 coupeositions. This over-firing is due to
the inability of helium to diffuse through the structure whan open porosity is
absent. As tre teuperature increased, the partial pressure of helium (non-
diffusible pas)} increased; at tte sawe time the surface energy decreased slowly.
Trerefore the increased pressure within the pore became sufficisut to cvercome
the surface energy driving force and the bedy over-fireds The time dependence
for this expansior wis probably due to a delayed elastic effect, nlastic {low or
Mebarro-Herring creep. Samples fired ia vacuum and hydrogen did not over-{fire
under the same corditions. Thecretical density was approached by all magnesia-
coritaining compositions in hydropen and vacuum,

The microstructure results indicate that normal grain growth is not & fune-
tion of firing atmosphere. Siuce the vapor=-solid surface energy is ouly very
sliphtly alfected by at.sosphere, the above result seeus yuite reasonable, LExag-
perated prain growth was found to cccur at a lower temperature in nelium than
either hydrogen or vacuum for the pure aluminz composition. A valid explanation
vas not formed for this -henomenon. Lxaggerated grain growth was noted in the
1/L3, but not for the 25, mapnesia-containing composition at 1750 C in helium.
This +vas probably due to the creater degree of inhibition of both normal and
exappgerated pgrain growth found in tne 2;; magnesia-containing composition.

3. bffects of Magnesia Additions

Under all conditions, tle 'ire alumina composition vas found to have a lower
sintering rate than the magnesia~containing compcsitions. This differenze in
sintering rate is due nol only tc marnesia's inhitition of exaggerated grain
prowth or its postulated retardation of normal grain growth (uef. gh), but also
to the enhanced rate due to solid solution or adsorptiocn, At 1550 G one of the
terperatures where this difference in rate was found, no noticeable amount of
exapgerated grain growth occurred with any composition fired in vacuum or hydrogen,
The rrain size of all compositions was similar. The differences in sintering
rate between tie pure alumina and the magnesia-containing compositions can be at-
tributed to the following:

1) At hiplier terpera.ures magnesia inhibits exaggerated prain growth, there-
by ailowing the compositions containing isarnesia to reach theoretical
density.

2) lapnesia may form a spinel coating or larpe numbers of fine spinel part-
icles around the alumina grain and change the surface energy configura-
tion in a way which may sid or hinder sintering.
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3) Limited arcunte {less than G.25.) of magnesia may go into solid sclution
vitl, alumina and also form a solid solution gradient from the grain bound-
ary tc the prain intericy., Bacause of stoichiometriec considerations va-
canciss may form and increase the diffusion coeificient. It a sclid sec-
lution gradient is formed, & vacancy concentraticn gradient may be built
into the system in the propsr dirsction to enhance sintering. If both
these efrects occcur, tie sintering rate will increase, since the sinter-
ing rate aquals the diffusion coefficient multiplied by the vacancy con-
centration gradient,

The sintering rates for all maguesia compositions are quite similar, ~There-
fore, tte sintering rate over this compositional range vas indepemdent of the
magnesia content but dependent on some criticel minimum amount, Bruch (sef. 35}
indicstes that similar sinterine rates were obtained for beth 0425 and 0.105
mapnesia~containing compositions. As seen from the results, all magnesia-contain-
ing compositions vere beyond the solid sclution solubility range of magnssia in
alumina. Thus, if solid solvtion of magnesis in alumina was the major coniribu-
tion to the enhanced sintering rate, all corpositicns conteining magnssia should
have similar ratez. Xf spinel .3 the contributing factor to tle increased rate
(excluding case no. 2 mentioned above), it would be compositionally sensitive,
but the results did no% indicate this,

Because of the absence of mapnesia in this pure slwmina compesition, exag-
gerated prain growth was found to eccur in all three ztmospheres. nagnesia can
act in the fellowing ways to inhibit exaggerated grain growthi

1) It can chanpe the vapor-solid surface energy, and thereby affect grain
?row‘tho

2) By solid solution formation and/or fortation of a solid solution gradient,
it can increase tre sintering rate relative to the rate of grain growth
and in this manner by=-pass the critical porosity region at a lower tem-
perature., Lxagperated grain growth is then avoided.

3) It can be adsorbed at the surface either as a second phase or a solid
golution with a hipgher concentration of msgnesia. Iun this . ay, it can
act to reduce the maximum prain boundary velocity which would be reached
when tre pore phase is eliminated in tte local region surrounding the
grain boundary. In order for the prain boundary to move, the additional
mapnesia must be carried alony with it. Threreilore, tle yrain boundary
velocity is lowered.

It is felt that mechanisms two and three are the most probable mechanisms.

The rate of ncrmal grain growth :ras f:und to be similar for all magnesia-
containing compositiona except at ITSOOC. Due to greater magnesia coucentration
at this temperature and long firing times, the 2% IigO-containing compositicn had
a smaller grain size.

Work by Jergensen and ‘estbrook (Hefs, 29, 3L) indicated the segregation of
mapnesia in solid sclution with alumina at the grain boundaries at 1830 C. They
postulated that at lov te.peratures during the initial stape of sintering, mag-
nesia in solid solution with alumina near the grain boundaries retards sintering
by reducing the diffusion coefficient, They stated that during the lateruediate
and final sinterinp stages tte sintering rate is enhanced by the incorporaticn
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of magnesia. These authora postulated that retardaticn of normal grain growth
vas the mechanism that produced this enhanced rate, This mechanism reduces the
distance batween the pore and the grain boundary. The retardation of normal
grain growth results in an increased vacancy concentration gradient.

It is felt that evidence is insufficien 3 for their conclusions to be valid,
They made microhardness measurements at 1830 C that indicated magnesis solid so-
lution at the grain boundsry, and unsuccessfully sttempted to determine this
solid solution by electron probe analysis. However, they found solid solution
when using the be-k-reflection x-ray camera. Jergens3n does net consider a tem-
peraturs dependence for the solid solution of magnesia alumina whern a solid
solution is assumed at 1300°C from dats obtained at 1830°C. Disagreement of the
results and the mechanisms found by Jergensen were previcualy discussed. Since
sdditicnal information is necessary for a more detailed investigation of the role
of maghesis in the sintering of alumina, the following techniques were utilised:

1} optical microscapy

#) zeray diffractica

3} backereflsction X-ray camers
4) electron probe analysis.

An attempt was made to determine the activation energy for vacancy movement
and relate this to composition and atmosphere. The results cbtained indicated
that this determination was not feasible.

It is known that defect structure is an important variabl: vhose effects
mist be understocd. Electron transmission mieroscopy indicated the difficulty
in removing the phosphate precipitate formed during thinning from the thin sec-
tions. In all the alumina areas examined, evidence of dislocations was not ob~
served. Tighe and Barber have shown that the dislocation density in as-gpown
single crystgla of aluminum oxide made by the Verneuil method is about 10 dis=-
locations/cm” (Hef. 20). This would correspond to about one to ten dislocations
in the sntire field of view of the electron microacops. with Linds A the mumber
of dislocations introduced by fabrication and those present initially wou’* prob-
ably be much less than in single crystals. Therefore, the.dislocation density
in the sintered samples should be appreciubly less than 105 and mgy be undetect-
able 1f examined under the electron microscope. An exhaustive study of very
large mumbers of grains was carried sutj; however, dislccations were not observed.
Dislocations may be present at grain boundaries in measurable concentrations, but
they were not detected. As far as the limited dats could be used, the interior
of the grain was found to be dislocvation-free. Under the conditions investigated,
dislocations appear to he of mino: importance in the zintering of aluminum oxide,
This would tend %o support the generaily accepied opinion that sintering of alum-
inum cxide is diffusion-controlled., If the atove is conclusively proven, internal
dislocations may not act as sither vacancy scurces or sinks,

Optical microscopy was used to determine the spinel distribution in the sin-
tered samplea, The d%strxbution of megnesia was found not to bs a function of
composition, At 1550°C spinel was fourd as either a coating or, & large disper-
sion of small particles at the alumina grain boundary., At 1750 C ¢pinel was
found in irregular or cubic-shaped grains at the intersecticn of two or more alum-
ina grains, Tne latter was observed by the authors snd W. C, Allsa (Ref. 39).
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Thess resuits indicate that the sclid solution limit of magnesia in alumina at
these temperatures ia below 0.25% kgO. The sbility of spinel to form its own
erystal hsbit may be attributad to the largs solid solution variation of Al,O

in Mg0+Al,0,. If this is correct, a solid sclution gradient of magnesia in spinel
could be Yormed. Although this gradient was shoun, it does not validate the

&gbove mechanism. Since a solid solution gradient could also be formed by the
ron-equilibrium tuild-up of variable compositioned spinel layers, the sbove mech-
anism cannot be used uneguivocally. The sbove effect was examined by the elec-
tren probe.

Jeray difrractiog pattaerns were made of the 2¢ magnesia-containing composi-
tion at 1550 and 1750 C and the presence of spinel was wbst-~tiated. Since
spirsl is detected, the percentage of spinel present can be estimated at approx-
imately S to 10%.

The theoretical density of the 27 magnesia-containing composition was de-
termined by optical microscopy metheds to be 3.96 g/ce. Since a comparison of
sintering date made on the basis of bulk density is invalid when the theoretical
densities of the compc 'tione are different, this determination was critical.

Grain size detsrminatione indicate that grain size was not a function of
camposition at 1550°C. Jergensen reported a difference in grain size of O.l
micron at this temperature with compositions containing 0.0s and 0.1% MgO-contain-
ing compositions (Ref. 3L). Due to both the inherent meaning of the term "average
grain size" and the experimental error, it is felt that differences in grain size
of this order are not eignificant, Jergensen then proceeded to utilize this in-
formation to explain the effect of magr-siaz in the sintering of alumina. The
results reported herein appear to be mcre conclusive and poassivly of greater sig-
nificance, From Bruch's studies (Ref. 35), Jergensen has shown that the purw
alumina specimens were contaminatad by magnesia. This cccurred becausc of mag-
ne3la’s volatility during firing. Therefore differences in grain size between-a
1/kR magnesia~-containing composition and the pure alumina composition were not
reported by Coble (Ref. 36), In the effort reported herein samples were placed
in covered impervious aluminug crucibles during the firing operation. It there-
fore seems unlikely that sufficient magnesia could be iatroduced to the pu.e
slumina composition to cause the grain size effect noted by Jergensen. In his
experiment it must have been necessary to fire the composition in different fur-
neces, Even if it is assumed that a grain size difference of 0,1 micron is sig-
nificant, it seems that variations in grain size due to time, temperature and
temperature distribution might sasily account for the observed diftorence. If
sufficient magnesia evaporated and diffuesed from the magnesis-containing composi-
tion to the pure alumina cemposition and also resulted in a similar grain size
for both compositions, then these compositions would be fai-ly similar and should
have similar sintering rates. This was not observed by Jergensen. It is felt
that even though a mechanism of grain growth inhibition would yleld different
sintering rates, the actual mechanism is one of the formation of both a solid
solution and solid solution gradient of megnesia in alumina. If the+§echania¢2
of this solid solution is partially or wholly the replacement of 2A1 - by 2ig
and creation of an oxygen vacancy, an increased vacancy concentration and con-
centravion gradient would result. This increased vacancy concentration and va-
cancy gradient would be in the proper direction to enhance the sintering rate,
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In an attempt to prove the mechanism postulated above, the solid solution
and solid solution gradient of magnesia in alumina, the back-reflection x-ray
camers and electron microprobs analyzer were ussd.

The results obtained with the back-raflection x-ray camera using both Linde
A starting material and the pure alumina composition were compared to the 1/i3
magnesia-containirg composition and showed no indication of solid solution. This
result differs from Jergensen's, The change in d-spacing reported by Jergensen
seems excessive, If a change in d-spacing of the order of magnitude shown by
Jergensen exists, it would have been observed by these authors. The results ob-
tained in thls study using the back-reflection camera can bs interpreted to mesn

one of the following:

1) No solid solution exists.
2) Little if any change in d-spacing would be noted when the solid soluiion

is partly or wholiy interstitial,

3) The magnesia concentration was too low for detection.

L) If a sclid solution gradient exists, this technique will measure an
average value which would be far less than a uniform magnesia distribu-
tion. Therefore, the solid solution would -e even more difficult to

detect.

The electron probe analyzer was used to clarify the mechanism by which magnesia
affects the sintering kinetics of alumina, The following results cbtained with
the electron probe will show why the back-reflection camera technique was unsuc~

cessful,
The results obtained from the electron probe indicate the following:

1) Every area examined, including the sample whose Mg fluorescent picture
was black, had some magnesia., Only & few localized regions gave soms
isolated values of OFf Mg.

2) Regions designated as spinel grains were found containing 3 to L wt,
Mg in areas containing one or a few grains at 1750 C.

3) A solid solution gradient of magnesia in apinel occurs at 1750°C.

L) Segregation of Mg in localized regions forming spinel crystals of simi-
lar eize to the best grain size were noted at 1750°C but not at 1550°C.

S) The limit of soclid sclution of magnesia in alumina was postulated to

vary from 0.1% to 0.008% Mg by weight.
6) A possible solid solution gradiert of magnesia in alumina was determined.

In order to interpret the sintering results, some of the probe results will be
discussed,

It was observed from the sintering recults that the sintering rate was not
a function of magnesia content above a certain cratical level. This can be in-
terpreted to indicate that spinel above certain concentrations does not affect
the sintering of alumina. If the low~tempersture and high-tempsrature data are
compared, a small compositionel effect may exist at 1550 C. Since the composi-
tion of the spinel phsse increases in slumina content with increasing temperature,
producing & probable decrease in theoretical density (spinel is less dense than
aJumina) with increasing temperature, this effect probably accounts for the
slight difference in sin.ering rate of magnesia-containing compositiona. As
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] further evidence in support of the similar sintering rates of magnesia-containing
g compositions, there is a large degree of similarity in magnesia distribution up
'f?f to the point of spinel formation between the 0., 1/L and 2.0 magnesia-containing
samp.es as determined by optical microscopy and electron probe analysis. Varia-
tions noted in the magnesia content of the specimen were indicatsd. However,
these variations wers of total quantity rather than the manner of distribution.

A probable solid scluticn and a solid solution gradient were detected at
high temperaturas with the magnesia-containing compositigns. A segregation of
spinel into large localized regions was observed at 1750 C. This segregation
may be due to eithsr %ocalized magnesia concentrations which were noted to a
slight extent at 1550 C with the electron probe, or to incompatibility (high in-
terfacial energy) between spinel and alumina.

Ths probable solid 8olution and 80lid solution gradient can only be justified
at 1750°C, since at 1550 C the grain size was generally too small for interpreta-
tion with the electron probe. Total porosity studies indicate the similarity in
relative sintering rates of the magnesia-gontaining compositions and the pure
alumina composition at both 1550 and 1750 C. The rate of normal grain growth was
compositionally insensitive and exaggegated grain growth did not occur in any com-
position in vacuum or hydrogen at 155)°C. Therefore the enhanced rate with mag-
nesia additions cannot be a function of either normal or exaggerated grain growth.

As a result of the above, a solid solutionoand/er a solid =solution gradient
of magnesia in alumina may be theorized at 1550 C. The solid solution formed is
probably temperature-sensitive and should increase with increasing temperature.

If the solid solution is partially the repluacement of 2!11+3 by 2Hg+2, then
an increase in both the diffusion coefficient and the vacancy concentration grad-
ient will produce an enhanced sintering rate. Electron probe and sintering re-
sults show that the soild solution mechanism of magnesia in alumina is probatly
predominantly substitutional rather than interstitial. A minimel effect or a de-
crease in sintering rate should result, since excess vacancies should not be gen~
s erated with an interstitial solid sclution. This decrease or minimal effect is

contrary to the observed results. Flck's Law shows that the multiplication of

the diffusion coefficient by the concentration gradient ylelds the rate of mass
transfer by difrusion. The effect of magnesia can now be explained by recognizing
that the probsble solid solution and solid solution gradient foxrmed can increase
either the diffusion coefficient or the vacency concentration gradient or both,
and thereby increase the sintering rat.. It is still necessary to prove conclu-
sively that magnesia in solid solution with alumina will produce vacancies.

Jorgensen (Ref. 3L4) and Cutler (Ref. 37) showed that magnesia acts as a sin-
tering inhibitor to alumina in the initial stages of sintering at about 1300°C.
Jergensen stated that this inhibition was due to a reluction of the diffusion co-
efficient by a solid sclution mechm%am near the grain boundary., He assumed that
the measurements he had made at 1830 C which determined the solid solution of mag-
nesia in alumina in the vicinity of the grain boundary were applicable at 1300 °C.
He then showed experimentally that magnesia could reduce the sintering rate of
alumina and reported that this change was dus to a reduction of the diffusion
coeffiaient,
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Two possibilities for their conclusions are proposed:

1) a change in type of solid solution with temperature,
2) the effect of spinel on the sintering rate of slumina at low temperaturcs.

In the first case, if it is assumed that solid solution occurs at 130000, the type
of sclid solution may be totally or vart‘ally interstitial. As ths temperature
is raised, the nature of this solid aol*gion mq2change, i 8., larger percent-
ages of a one for one replacement of Al © by lig = may occur, theraby enhancing
the sintering rate. In the second case, the solid sclu’ion of magnesia in alum-
ina may not exist ari the effect observed could L due only to spinel. From the
calculations made 1 -eviocusly on Navias' work (Ref. 38), there seems tg be small
likelihocd that magnesia would diffuse from the spigel formed at 130077 into the
alumina grains. At temperatures near ur above 1550 C, aluminum and magnesium are
sufficiently mobile “o form zome solid solution of magnesia in alumina., The mech-
anism of spinel's 7 :.nibition ¢ the cinteiing of alumira may be due to either a
lowering of the surface :nergy or a lowering of the diffusion coefricient in the
manner shown beiow,
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As indicated by the r- .rostructurai results at 1550°C, a spinel second phase
was noted as a coating or a £:ne dispe—sion at the grain boundary. The path of
diffusion of & vacancy in thi, system would begin at the spinel layer a&.d diffuse
through both this layer and the alumina grain to the grain boundary, whers it is
firally sliminated. This prucess may lower the diffusion coefficient. As the
temperature is raised abowe 1300°C, an increasing percentage of magnesia enters
the alumina grains as a solid solution. A gradient of magnesia concentration is
built into the alumina grains, Th~ effects of both the soiid solution and the
gradient overshadow the inhibiting effec: of spinel, This results in an enhanced
sintering rate. The enhanced sintering rate of compositions containing magnesia
has been shown by this investigation in the temperature region of 1550 to 1750°C.
Similar sintering rates of all magnesia-containing compositions indicate that the
spinel phase, at least at higher concentrations, is relatively umimportant in
sintering in this system. This independencs tends to agree with the mechaniam
Just proposed.

E. Contlusions

1. Minimum Conditions for Attaining 998 of True Density

Magnosia )
Temperature Time Atmosphere Addition '
1]
1550°¢ 3 hrs Vacuum ¥4 ;
1550°C 7 hrs Vacuum 1/kk
1650 C 1lr Hydrogen 1/4+2%
1650°C 4 hrs Helium 1/+2%

A, AR 2 s 3 o tom

2. Minirum Corditions for Attaining 1004 of True Density

Magnesia
Temperature Time Atmosphers Addition
175020 1hr Vacuum and hydrogen /4%
1750°C 3hrs  Vacuum and hydrogen X

100%f alumina exhibits 1.9% porosity at best,
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3. Atmospheric Effects

a) The sintering rate was found to be independent of firing atmosphere at
bigh temperatures with eitgor hydrogen or vacuum, which indicates ti.e probably
diffusion of hydrogen as H or H .,

b) There was no indication that hydrogen enhances the sintering ratc of alwi-
ina by creating lattice defects.

c) At low temperatures the sintering rate was affected by gas diffuslen
through the pores, The higher the diffusivity of the gas the higher the sinter
hlg rate,

d) The initial sinterin; rate in helium was higher than hydrogen st 1550°C,
but aucregsed with decreasing opan rorcsity .

e) Over-firing was observed to oc.ur as a function of both time and tempera
ture in helium at higher temperaturer

f) Theoretical density was reached on) in vacuum and hydrogen.
2) Normal prain growth was not a function of firing atmospnere.

h) Exaggerated grain growth occurred with the pure alumina composition in
vacuum, hydrogen and helium.

i) Fxaeggerated grain growth occurred at a lower temperature in halium with
the pure alumina composition than in vacuum or hydrogen.

J) No exaggerated grain growth occurred Jith the magnesia-contaii ing samples
in vacuum or hydrogen.

k) Significant amounts of exaggerated grain growth occurred with the 1/U4
magnesia composition in helium at 1750 C., Little indication of sxaggeratea grain
growth was found for the higher magnesia-containing compositions,

L. Effects of Magnesia Additions

a) The pure alumina cumposition hed a lower sintering rate than the magnecia-
containing compositicns.

b) At 1550°C the rate of normal grain growth was independent of composit.ion
in hydropgen or vacuum.

¢) The mechanism proposed for the enhanced sintering .ate with additions of
magnesia is the formation of a solid sclution and a solid solution gradient that
probably increase the diffusion coefficient and t.e vacancy concentration gradient.

1) The only mechanism of solid solution t' it seems to yieldjresults in
agreement with these obtained is the replacement of 2A1 ~ by 2Mg = and
the veation of an oxygen vacancy. Other types of solid solution mech-
anisms proposed seem to decrease or have little effect on the numbe:
of vacancies.
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d) The activation energy for vacancy movement could not be measured.

'%""’éﬂ'ﬁiﬂqm o A - < 2 -

@) The activation energy for sintering in the intermeuiate and final stage
oi sintering could not be measured,

f) No dislocations were.seen with the limited number of samples investigated ;
‘dislocation densities of 10S normally found in alumina would correspond to from i
1 to .1 ~r less dislocstions per field of view) with the electron microscope. i
This would tend to indicate, in a limited manner, that dislocations have 1little {
effect on sintering. This agrees with the sintering literature on alumina. g

§

») Lo observable difference was noted in the mammer in which spinel was dis- %
tribut 4 in all magnesia-containing compositions by both the optical microscope 3
and electror. probe analysis. !

h) Ysing o} “ical microscopy methods, spinel was found as & coating or as a
dispersion of small crystals along the alumina grain boundaries at 1550 C.

1) A scgregation of spinel was found at 1750°C.

J) Shinel wasoformed as irregularly shaped grains and in cubes between alum-
in. grain: at 750 C.

%) X-ray diifraction indicates the formation of spinel at 1550 and 1750°C
with the 2§ magne:ia-containing sarple.

1) The segreges ion of spinei at 1750°C indicates incompatibility (high inter-
facial energy) betwe n alumina and spinel and/or local inhomogeneities,

m) The theoretical density of the 2,5 magnesia-containing composition was
found te ¥ 3.96 g/cc at 1750°C, This value may change as a function of tempera-
ture due t. the varittion in the alumina content of the spinel solid solution.

n) Solic .olutiol. of magnesla in alumina was not found with the back-reflec-
tion x-ray ca ~vra,

0) when using the bvack-reflectisn x-ray camera, no variation in d-spacing :
wag chserved as a function of botr gr:in size and temperature with the 1/L% :
magi.esia-doped ¢ mposition, {

») Electron microprobe analysist :

1) Except for a few isolated points, all areas examined had some measur- {
able ,srcentage of magneaium. %
i
2) Spinel grains were found and & solid solution gradient of Mg increasing }
from th~ prein boundary to the interior was observed.
3) Magiesiua was found to be segregated at 1750°C tut not at 1550°C.
L) A probable sclic solution of magnesia in alumipa is theorised which
varles from about 0.15 Mg to 8.0085 Mg at 1750°C. This solid solution
was inlarred to exist at 1550 C from experimental results. PRurther
studies are needea because soms conflicting data were obtained,
50
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S) If a solid solution exists, then a solid solution gradient of magnesia

6)

7)

in alwxine was found with magnesia 1gcmaaing in concentration- as the
grain boundary is approached at 1790°C. This gradient was alto in-
ferred at 1550 C from experimental measuremants,

A large degree of similarity was found between the magnesia-containin.
compoesitions, This result tends to substantiate the sim’ iarity in
sintering rates found with the magnesia-containing compositiona.

Two proposed mechanisms were postulated to explain (i) the inhibition
of sintering of alumina by magnes.a during the initial stage of sin-

tering, and (ii) the enhanced rate found during the intermed:ate and

final stages of sintering of alumina. oy are:

1) WMth increasing temperature, the mechanism (type of solid solution)
of solid solution of magnesia in alusina may change from mostly
interstitial to most substitutional.

11) If solid solution of magnesia in alumina is non-existent during
the initial stage of sintering, spinel may act to inhibit the sin-
tering of alumina by reducing the surface energy and/or the diffu-
sion coefficient. Then. as the temperature is raised, magnesia
enters the alumina structure in solid solution and overshadows the
effect of spinel in ths intermediate and final stages of sintering.
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111, Devitrification Studies

A. Introduction

This third phace of the research pgoRram deals with the devalopment of ceramic
bodies which mature in the 1800 to 2600°F temperature range. The devitrification
approach of the prereacted raw materials technique has been utilized in the fabri-
cation of these compositions, This technique resulted ip significant improvement
over conventional fabrication in at least three areas, :vcellent reproducibility
of samples can be attained, since the raw materials are mixed on an atomic basis
in the fritting operation. Secondly, the quenched glass can be ground easily to
the desired particle size for optimum packing, and thirdly, the crystal sise of
the final body may be controlled with proper heat treatment. The basic steps in
the fabrication are as follows: melting of the total compositicn, quenching in
water drying, grinding to a controlled particle size distribution, fabrication
into specimens, and firing. In the firing operation, a crystallins phase is de-
vitrified from the glass. Thus the resulting body is then a matured crystalline
body containing some glass for dernsification.

Compositions containing cordierito,’ 2Mg0+2A1,0,°5510,, as tt~ major crystal-
line phase were selscted fcr the study. The stablg Righ tgmperatum polymorph

of cordierite, the alpha form, is charactggized by a low cosfficien? of linear
thgmal exgansion, approximately 1.3 » 10 in/in/OC over the temperature range

257 to 700°C. This low thermal expansion is cornducive to high thermal shock re-
sistance, vhich is a primary requirement in the development of rauome material: .

A serious disadvanta » of moat cordiarite compositions prepared convention-
ally, that is, by solid phass reaction, is the narrow firing range. In order to
increase the firing ranpe, commercial bedies are chosen with & composition sig-
nificantly removed fram the theoretical cordierite composition in order to develop
a 2iquid phase which results in densification, However, these compositions con-
tain a substantisl amount of other crystalline phases, and with the glass present,
exhibit increased thermal expansion and thus rvduced thermal shock propertiss.

If a composition of theoretical cordierite is utilized, the liquid phase neceasary
to densify the body can only come from the inconsruent melting of the phase, This
is unsatisfactory owing to the rapid rature of tne melting and to low viscosity
of the plass formed. .'hether puro cordierite can be sintered has not been deter-
mined,

With the fabricaticn of a cordierite body, two factors must be considered:
() maximum cordierits development for low thermal expansion, and 2) sufficient
liquid phase to densify the body without adversely affecting the amount or devel-

opment of the cordierite phase., The addition of the liquid phase may be approached

from two aspscte. The firet is the melting of a composition nsar the cordierite
composition, such that cordisrite and snothar phase, glass and/or crystalline,
vould be developed. These other phases would react with the ccrdierite to form
a liquid phase beiow the incongruent meltiny temperature of the cordlerite, thus
preserving sufficient cordiarite to dominate the expansion characteriastics of the
body. The second approach deals vith the incorporation of a second frit which
would supply the glass phace necessary for densification of the ccrdierite pro-

”Ccmplota literature survey in Report lLo. 3, NOw &L-00LO-d.
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duced from « pure cordierite glass. In this manner, it would nct be necessary
for the cordierite development to be inhibited by reactions to form a liquid phase,

In th2 previous Naval Contract NOw 6L4-00L0-d, a preliminary study of cordier-
ite compositions was conducted utiiizing both the one~frit and two~frit approaches.
Two compositions cut of eighteen one-frit composi 'ons were found to attain natur-
ity and posse2s a low thermal expansion. The initial twoe-frit composition de-
veloped possessed low thermal expansion and an extended firing range.

B. Program of Study

This present work deals with an exiensicn of the principle developed in the
egrlier contract. The one-frit mpositions were evaluated with regard to den-
sity, meisture absorption, fir _ temperature, linear thermal expaneion, elec-
trical properties, transverse strength, and microstructure. The two-~frit compo-
sitions developed were evsluated for the same physical properties. Also, nine
glasses were studied as densifying glasses or the second glass for the two-frit
system for the cordierite compositions. All of these were evaluated for thermal
expansion, and all were evaluated for firing range, density, moisture absorption,
crystallins phases present, in 10%, 207 and 304 additions to the base pure cor-
dierite glass, which 1s the glass which produces the principal crystalline phase
in the two~glass system,

C. Compositions

Figure 15 shows the location and several properti s of compositions studied
on the HgO-A120 -5102 equilibrium diagram. Most of this information is from the
last contract and thé details -e reported in the last Final Report. This in-
formation serves as reference and background infcrmation with respect to the one-

glass approach to the devitrification technique. Table III lists the composition

Table III

b COMPOSITIONS EVALUATED IN THE MgO-AI?O3-SiO2 SYSTEM

C-8 C-13 Co (Cb-9 Cb-98 (b-S10 Cb-96

510, 52 55 Sl 58.0 52 55 61.4
MgO 25 10 1307 7067 8-3 6.67 6oh
A0y 23 35 349 19.0 23 25 18.3
Bag 7067 8-3 6067 6oh
CaO 7.6? doB 6.6? 6cb

C-A 0B 0:C 0D CE CF

si0, 58 55 55 61 61 L9
MgO 6067 8067 7067 8067 3069 8067
A},0, 22 19 22 13 25 25

BaD 2 6.67  B.67 T.67 B.6T  3.67 B.67
CaO 6.67 8067 7-67 8067 3.67 8067
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Code
Tompoeition # %
Coefficient of Lirear Thermal Expansion (x 107)

Moisture Absorption (%)

/ 540
50 / 59
Mg0 1,0
/ \ ]
Cristobalite"////’//////
" oridymite \
| 63
4.00
— (0.31)
™~ \
\\\ \
Protoenstitote 7a 5,92
/" (0.03) -1 o
’/ .h.20 ltsh
/ C-k (0.00) (3.20)
| .88 Cordierite \
\ t (0.15) ' Mullite
\ Ce? T U Cel? C-13
«3.10 A3 % 2.20 , 1.09
\ {0.00) (».80) {0.00)
Forsterite
\ c-8 c
C-17 1.97 °
.36 \ «{0,10) J1.29
(0.%) \\‘\ C_2 (11»20) C"‘lh
—— .75 1,90
T 9092) \ (3.90
\\\
Spinel N\
\ |
C-16 C-15 ~ i
‘3.8 2.&
(0.0hL) * (0.05)

Fig. 15--Properties of Compositions Evaluated in the MgO‘A1203'8102 System
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of several pertinent compoaitions from Fig. 15 along with those of the fluxing

or lov melting glass which will be added to the cordierite or second glasa. rig-
ure 16 showa the location of the compositions in the RO«A},0,+5i0, system, in
which KO represents MgO, Ca(® and Ba0, which are added as cgrgonaxgs; the alumina
and silica were added as oxides.

D. Processing Prccedures

All compositions were weighed and then mixed in a twin shell blendsr for 1
hour, In ordgr to decresse the bulk all A120 -SiOZ-Mgu compositions were cal-
cined to 1800°F, and all A1,0,S510,-1g0*BacsC40 cofipositions were calcined to
lSOOOF. Fach batch was then Sasseg through a ~200 mesh screen to break up ag~
glomerants. The compositions were then melted individually in fire clay crucibles
in a gas-fired pot furnace, quenched in water, dried, and milled dry for L8 hours
in an alumina mill with alumina pebtles. This ground material was then passed

through a =200 meash screen, and was used as the raw materrial in fabrication.

In the one-frit compositions, the raw material was mixed with 5% of a 5%
Superloid solution, and pressed at 15,000 psi into 1" dismeter flat discs. These
disca were fired to the appropriate maturing temperature in 6 hours plus a l-hour
soaking period,

In the two=frit compositions, the two frits were weighed cut in the correct
proportions and wet-milled for 24 hours in alumina mills with alumina pebbles,
using ethanol as the fluid phasa, DIiscs of the same size as noted above were
pressed under the same corditions, using 55 by weight of a 54 Superloid solution
as a binder. These di.cs were then fired to the appropriate maturing temperatures
in 6 hours plus a l-hour soaking period.

E. Results

1. One-Frit Approach

In tre previous Naval Contract, NOw 64-0040-d, 18 compositions were prepared
atilizing the devitrification technic-o. These compositions were evaluated with
regard to thermal expansion, density, moisture absorpticn, and firing range. Iig-
ure 16 shows their compositional locations in the phase diagram, along with their
thermal expansions, and minimum moisture absorptions. The object was to develop
a gody with a low thermal expansion, zero moisture absorption, and at least a
25°F firing range. Two compositions, C-8 and C-13, were the only compositions
which satisfied these requirements, The composition and fritting temperature of
these bodies are shown on Table IV along with their physical properties,

These two compositions were prepared in larger batches in order to evaluate
more fully the physical properties., Table IV presents the maximum density, min-
imum moisture absorption, firing temperature and range, coefficient of linear
thermal expansion, electrical properties, transverse strength, grain size, and
crystalliae phasés present.

As can be seen from Table IV, both bodies exhibitorelativaly high densities,
zero or almost zero moisture absorption, at least a 2§6F firing range, and coef-
ficients of linear thermal expansions below 1.97 x 10 in/in/ C. The transverse
strength of C-13, 15,000 psi, is in the upper range of values for cordierite com-
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Fig. 16--Thermal Expansior of Low Melting (lassea in the 110-1\.21203-85,02 System
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Table IV

PROPERTIES OF THE ONE~-FRIT TYPE COMPOSITICONS

510, (%) 52 55
a6, (%) 23 35
rgb %) 25 10
Fritting Temperature (°F) 2600 2730
Density (g/cc) 2.L5 2.1
Moisture Absorption (a) 0.00 0.10
giring Temperature ( F) 2600 2525

oefficignt of ear Expansion 1.69 1.97

(x 10'8 Wmf%g)
Dielectric Constant S5 5.45
Power Factor (%) 0,21 0.29
Loss Factor (%) 1.16 1.60
Transverse Strength (psi) 15,000 13,300
Grain Size (u) 3-7 3-7
Firing Range (°F) 2580-2610 2510-2535
Crystalline Phases Present Cordierite Cordierite
Mullite Fosterite
(minor) (minor)

positions., Microscopic studies show the grain size to be 3-7 microns with an
evenly distributed glassy bonding phase, and approximately 74 closed void speze.
The electrical rroperties show average dielectric constanrts for cordierite com-
positions, and power factor and loss factor are in the range expected from this
type of body.

Over-all, both bodies possess desirabie physical properties, low thermal
expansion, relatively high strength, and a workable firing range. With minimum
additional effort, both compositions shouid perform adequately for radome appli-
cations.

2. Two-Frit Approach

In the previocus daval Contract, NCw 6L4-0CLO-d, cordierite compositions were
studied in which additions of a low melting, devitrifiable glass were made to a
cordierite class in order to maximize cordierite development, extend the firing
range, and to mature the body, Only one glass, Cb-9, was added to the cordierite
glass, Co, in 178, 20% and 25% additions. Low expansion bodies with an extended

firing range were realized.

The first phase of the present study deals with a more compiete evaluation
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of the physical properties of the Co~Cb=-9.comnoeitizrz, Thocc tolies were eval-
uated with repard to density, meisture absorpticn, firing temperature range, co-
efficient of linear thermal expansion, electrical properties, loss of weight in

water, crystalline phases present, and microstructure.

The second phase of this effort deals with the development of other low
melting frits to be added to the cordierite frit. ivine other glasses were pre-
pared and evaluated with regard to firing range and thermal expansion values.

a. Co-Cb-9 Frit, Evaluation of Physical Properties

The evaluation of the physical properties for 105, 20% and 254 additions of
Cb-9 to the cordierite glass, Co, are shown in Table V. It can be seen that all
bodies have 0,003 moisture absorption, rglatively high densities, a firing range
from 50°F for a 10% gb-9 addition to 150° for a 254 addition, and low tgermal ex-
pansions, 1,55 x 10~ in/iu/°C for & 10% Cb-9 addition up to 1.99 x 10™° in/in/°C
for a 2575 addition. A study of the microstructure shows grains the 2-10
range with a void content approximately 7., of volume., The elect..cal properties
of the 203 Cb-9 additions show the body to be in the L3 grade range of the MIL
1-10 Specification.

b, Evaluation of Individual Densifying Glasses

i, Firing Range

Table VI shows the change in density and m~isture absorption with regard to
temperature., '/hile the actual densificasion temperatures vary slightly, it can
be seen that all compositions have a LOO F firing range over which the density
changes only slightly, and the bodies remain non-porous. In all gases except
C-E, the compositions are non-porous at 1800°F and melted at 2300°F.

Figure 16 shows the compositional points in a ternary SiOr-AanB-PO, where
RO is equal molar portions of MgO, BaO and CaO. It can be seefi thit” there is no
correlation between compositional points, extended firing ranges, and high den-
sities., GCenerally the highest densities and longest firing ranges are found for
bodies C-B, C-C, Cb-9 and C~F, which are in the center of the diagram,

ii. Differential Thermal Analysis

Differential thermal analysis was performed on the glasses Co, Cb-9, Cb-98,
Cb-96 and Cb-910, The curves are shown in Fig. 17. Tha cmeves of Cb-98, Cb-9,
Cb-96 and Cb-910 possess similar shapes with regard to temperature; thus only one
representation is needed for these glasses,

The differential thermal analysis of the Co glaass is interpreted as follows:
there is no reaction until 780°Q t which temperature the glass begins to nuclsate;
nucleation continues to about 236 C, at which temperature the glase oryatal%izes
into y-cordierite, then at 970 C transforms into cordierite, and above 1000°C
grain growth is occurring.

The differential thermal analysis of the Cb-9 type gf glaases is seen to be
significantly different. Thgre is no reaction until 732°C, at which temperature
nucleation occurs; above 8L0O°C, two things are occurring: the glass is softening
and crystallization is taking place. Tha endothermic reaction associated with
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Table V

PHYSICAL FROPERTIES OF TWO-FRIT BODIES

Density (g/cc)
Molsture Absorgtion (%)
Piring Range (°F)

Coefficient »f Linear
Thermal Expansion
(x lﬂ"é in/.n/°C)
Loss of Weight ip Water (%)
Dlelectric Constant
Power Factor (%)
loss Factor (%)
Transverse Strength (psi)
Crystalline Phases Present
Orain Size (u)
Firing Temperature (°F)
(Specimens Tested)
Yoid Content (%)

904 Co
104 Cb-9

2-37

0.0C

50
(2575-2625)
1.55

0.0

13,000
Cordierite
2-10

2600

7

59

80% Co 75% Co
20% Cb-9 255 Ch~9
2,25 2.24

0.00 0.00

75 100
(2500-2575)  {2450-2550)
1.83 1.99

0.0 0.0

L.75

0.30

1.43

11,500

Cordierite Cordierite
2-10 2-10

2550 2500

7 7
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Table VII

CRYSTALLILLE PHASES PRESENT

Co Cordiarite

Cb-9 BaC” Unknown”

Cb~98 BaC Unknown

Cb-910 BaC Unknown

Cb=96 BaC Unknown

C-A BaC Unknown

C-b BaC Unkmown

C-C BaC Unk .cwn

C-D BaC Unkriown

C-E BaC Unknown

C-F Bal Unknown »

c-8 Cordierite (Fosteritg)

C-13 Cordierite (Mullite)
#qu +}g0- Al 0,510, phase reported by H. R. Wisely, "Phases

in the Fernaiy b)stem BxJ+MgQs Al O qu " Ph. D. thesis,
Rutgers, 1952.

"Peaks at 22.0, 25.8, 28,0, 29.6, 36.9°. Others may be
masked by BaC.

L3
Minor phase.

softening masks the crystalli_ation peaks. Crystallization was found to occur
in this terperature range by x-ray analysis,

1ii. X-Ray Analysis

All glasses were heated to above thelr crystalilization terperatures, 2(SO°F,
and then analyzed fcr crystalline phases present, using standard x-ray diffrac-
tion techniques, The phases present are shown in Table VII above,

As can be seern from this table, all tle densifying glasses devitrify into
BaC and an unknown phase. BaC was formed and investirated by Wisely at Rutjers
in 1952,

A8 was expected, cordierite is th~ only phase which devitrifias from the Co
rlass, and is the major phase in the C-13 and C-8 tyres of plassea. From their
positions in the phase diagram, fosterite and mullite would be expected in C-8
and C-13 respectively.
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iv. Thermal Expansion

The thermal expansiogaof Co, Cb-9, Cb-98, Cb910, Ch-96, C-A, C-B, C-C, C-D,
C~E and C-F fired to 2600°F were determined utilizing a standard intsrfercmeter
method, In the case of the low melting glasses, the material was placed in a
platinum foil lined alumina crucible and msltsd at 2600°F. The coefficients of
thermal expansion of specimens prepared from these compositions are shewn in
Table VIII and Fig. 18 shows the relationship betwsen thermal expansion and com-
position,

Teble VIII
COEFFICIENTS OF LINEAR THERMAL EXFANSION

OF FLUXING GLASSES

Cb"‘? hc?l
Cb~%6 4.5k
%“98 5.1&2
Cb~910 hoSé
C-4 L.Sh
C-B 5"-13
c-C .90
£<D Sl
C-E L.31
C"F 5033

The ten glassus in the A1 C 'S}gQ'MgO'CaO~Ba0 ggatem were found to posaess
thermal expansions between 5.&3 210 and 4.31 x 10, From Pig. 18 it is seen
taat as the amount of RO elements is decreased, the thermal expansion decreases,

¢. Evaluation of Combinations of Glasses

i. Firinp gggge

Tal "2 IX shows density and moisture absorption vs. firing temperature of com~
positions with 10, 20 and 307 additiocns of Cb-96, Cb-93, Cb-910, C-A, C-B, C-C,
C~D, C-E and C<F to the base cordierite glass Co. It can be seen that as the per-
centare of low melting glass which is added to the cordierite glass increases,
the firing range increases ana the maturing tempgrature decreases. With & 30% o
addition, the maturing temperature is sbout 2450 F with a firing range from 2425 F
to 2525°F, A 20% additicn increa. s the maturing temperature to 2S7S°F with a
firirg from 2850°F to 2600°F. And a 10% addifion incregses the maturing temper-
ature to 2625 F with a firing range from 2600 F ' . 2650 F. From a compositional
standpuint, all eA4itions appear to af{ect the density, moisture sbsorption and
firing range in t¢ sane r anner,

ii. The=wsl Expancion

The coefficients of linear thermal axpansions were determined from specimens
Iired to maxirum density utilizing an interferometer. The expansion values of
compositions con*aining cordierite glass with 10, 20 and 30% additions of Cb-9,
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Cb-98, Cb-9%, Cb-910, C-A, C-B, C-C, C-D, C-E and C-F are shcwn in Table Y. The

Table X

COEFFICIENT OF LINEAR THERHAL EXPANSION FOR
CQPOSITE BODIES AT 104, 20% and 30£ FLUXING 9LASS

Addition
06 208 30%
Cb=$ 1.61%  1.83  2.07

Cb-98 1.65 1.7  1.94
Cb‘% 10'4)4 1-61 1077
%“910 1059 1.67 lnBJ

CnA 1.55 1.68 1.73
C-B 1,37 1.57 1.8%
C-C 1,64 1.7 1.61
¢=D 1.5  1.86 2.11
C-E 1.53 l.0kL 1.73
C-F 1.5 1.73 1.9

*11mes 107 in/in/%C

expansions are plotted in a RO-Al,0 -5102 ternary to show the effect of composi-
tion on thermal expansion; this ig ahown in Figs. 19 through 21.

As can b2 seen from the table, all compositions have quite low values for
cosfficients o£6linear thermal expansion. With a )0 addition, the values range
from 1.37 x 10 = for the C-B addition to_3065 for the Cb-98 additign. For a 20%
addition the values range from 1,61 x 10 for Cb=9% t261.86 x 10~ for C-D, and
for the 30% additions, tha values range from 1.73 x 10 for C-E up to 2.11 for
C"Do

From a compositional standpoint, the 30% additions of glasses with the high-
est expansions (see Tabls VII and Fig., 18) generally produce the compodite bodies
with the highest expansions. With a 20¥ addition, this effect is still true,
with the exception of C-B, but the difference in expansion with composition is
not so well pronounced., VWith s 10% addition, the expansion of the cordierite
predominates and all the expansions, with the exception of C-B and Cb-96, fall
within a very narro:r range.

iii. X-Ray Evaluation of Composite Bodies

An x-ray diffraction analysis of the composite bodies shows the presence of
cordierite as the principal crystalline phase., Very minor amounts of other phases
may be present, but they are not in sufficient quantity to be discernible from
the background in the 10% and 20% bodies., Very minor peaks of BaC are feund in
the 30% bodies.
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F. Summagx

This aspect of the research program dealt with the development of ceramic
bodies which mature in the 18002600 F temperature range. The fabrication of
these bodies has utilized the devitrification approach of the prereacted materials
technique. This technique has bsen found to be superior to conventional fabrica-
tion from both physical and theoretical aspects,

The current research program dealt with the development of cordierite compo-
sitions exhibiting low trermal expansions and extended firing ranges. The prob-
lem was approached from two aspects, The first utilizes a raw material prepared
by fritting the total composition; this is referred to as the oue-frit approach.
The second utilizes two frits, one of the theoretical cordierite composition and
the other of a low melting, dens:fying glases in its fabrication; this is referred
to as thc two-frit approach.

In the study of the one-frit approach, 18 compositions were studied with
regard to maturing properties and linear thermal expansion, Of these, two appeared
promising, C-8 and C-13. These two compositions were further investigated for
more complete detr 'l with regard to their physical prggertiea. It was found that
these bodies possessed expansions as low as 1.69 x 10 in/in/OC, noderate trans-
verse strength, 15,000 psi, and high values of the true density. They were fur-
ther analyzed for crystalline phases present, microstructure, aud electrical prop-
erties,

In the study of the two-frit approach, ten glasses were investigated as pos-
sible additve glasses to the cordierite glass. These glasses were evaluated in-
dividually with regard to maturing range, thermal expansion, crystalline phases
which devitrify, and differential thermal analysis., All of these glasses lie
within the A1,0.°S30,+Mg0+Ca0+Bad system. Their thermal expansion ranged from
Le3l to S.UL % 10 En/in/oc, vith the value dependent entirely on the percentage
of RO members Bresent in the glass, 7T“ese glasses were found tQ attain maturity
as low as 1700 F and retain high density and maturation to 2250 F. Also, these
glasses soften and devitrify into BaC plus an unknown phase at approximately the
same temparature,

The densifying glasses were then added to a cordierite glass in amounts of
10, 20 and 30%. These bodies were evaluated with regard to linear thermal expan-
sion, firing range, angéx-ray sgnlysis. It was found that the expr -ions varieg6
from 1,37 to 1.5 x 10" in/in/ C for the 104 additions, frgm 1.57 vo 1.86 x 10
in/in/"C for the 20% additlons, and from 1,73 to 2.11 x 10 1n/1n/°C for the 30%
additions., The firing range extended for 50 F with the 107 additions, 100°F for
the 20% additions, and 150 F for the 305 additions. An x-ray analysis produced
cordierite as the principal crystalline phase.

The results from both aspects of ths atudy are quite promising. In each
case, mature bodies, with reasonable firing ranges, were developed.
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